Analysis of the linearity characteristics, tape recorders and compensation effects in the FM/FM telemetry system by Brown, M. K. et al.
>, 
ANALYSIS OF THE LINEAR! TY CHARACTERISTICS, 
TAPE RECORDERS AND COMPENSATION EFFECTS 
IN THE F M F M  TELEMETRY SYSTEM 
*yfi A. EiFFim 
RICHARD S. SIMPW4 
Project Dimeton 
H. PAUL HASSELL, JR. 
MICHAEL K. BROWN 
Resoarch Associates 
JOHN J .  JARVIS 
GPO PRICE $ 
CFSTl PRICE(S) $ 
Hard copy (HC) 6' fl 
Microfiche (M F) /,&I 




I C (THRUI (ACCESSION NUMBER) 
(CODE1 / 
(CATEdGRYJ 
INASA CR O R  T M X  C R  AD ~ U M B Z R )  
TECHNICAL REPORT NUMBER 11 
SYSTEMS ENGINEERING GROUP 
BUREAU OF ENGINEERING RESEARCH 
UNIVERSITY OF ALABAMA UNIVERSITY, ALABAMA 
https://ntrs.nasa.gov/search.jsp?R=19660025943 2020-03-16T20:38:53+00:00Z
c 
ANALYSIS OF THE LINEARITY CHARACTERISTICS, 
TAPE RECORDERS AND COMPENSATION EFFECTS 
I N  THE FM/FM TELEMETRY SYSTEM 
YAR?rI!? A.  GBIFFIN 
RICHARD S. SIMPSON 
P r o j e c t  D i r e c t o r s  
H .  PAUL HASSELL, J R .  
MICHAEL K.  BROWN 
Research Assoc ia t e s  
JOHN J. JARVIS 
Graduate Assoc ia t e  
March, 1966 
TECHNICAL FIEPORT NUMBER 11 
Prepared f o r  
Na t iona l  Aeronaut ics  and Space Admin i s t r a t ion  
Marsha l l  Space F l i g h t  Center  
H u n t s v i l l e ,  Alabama 
Under 
CONTRACT NUMBER NAS8-20172 
Systems Engineer ing.  Group 
Bureau of Engineer ing Research 




This report describes a set of exploratory experiments 
performed on the FM/F'M Telemetry System. These experiments 
were performed to investigate: 
1. System linearity characteristics for two major 
sub-systems; i.e., the package sub-system and the 
receiving and data reduction sub-system. 
2. The effects of tape recorders as a system component. 
3 .  The effects of tape speed compensation as related 
to system noise. 
In general, the purpose of the linearity experiments was 
to determine if any non-linear effects existed within the 
system. Overall system tests indicated an affirmative answer. 
The degree of non-linearity was determined and a mathematical 
model which describes this effect was formulated. 'This ex- 
periment was performed prior to that presented in Technical 
Report Number 9 and served as a foundation for the design of 
that experiment. 
The experiments related to tape recorder effects re- 
sulted in the development of a methodology for isolating 
the errors associated with individual components of the 
system. This methodology is presented in detail and the i s o -  
lated errors within the experimental system summarized. 
A methodology for determining the error assignable to 
the instability of the system was also developed. This 
methodology is presented and the portion of instability 
error associated with the various system components summar- 
ized. 
Findings on the advantages offered by tape speed cnmpen- 
sation have also been summarized. A possible explanation 
for the large interaction variance documented in Technical 
Report Number 2 is discussed as is the large contribution of 
the analog tape recorders to total system noise. 
i 
t 
TABLE OF CONTENTS 
Page 
ABSTRACT ................................................. i 
LIST OF TABLES ........................................... v 
LIST OF ILLUSTRATIONS .................................... Ix 
Chapter 
I . INTRODUCTION ...................................... 1 
A . SUMMARY OF PAST EXPERIMENTS ................... 1 
1 . Linearity Experiments ..................... 3 
2 . Interaction Variance ...................... 4 
3 . Equipment ................................. 4 
B . ACCURACY AND PRECISION IN SYSTEMS OF MEASURR- .......................................... I’”T 4 
1 . Accuracy .................................. 5 
2 . Precision ................................. 5 
C . THE F’M/FM (XO-4) TELEMETRY SYSTEM ............. 6 
D . THE SPECIFIC PROBLEM .......................... 8 
1 . Restrictions .............................. 8 
2 . Requirements .............................. 9 
I1 . LINEARITY EXPERIMENT .............................. 11 
A . THE PROBLEM ................................... 11 
1 . Introduction .............................. 11 
2 . Accuracy .................................. 12 
3 . Present Test Procedure .................... 14 
B . THE EXPERIMENTAL DESIGN ....................... 15 
1 . Experimental Conditions ................... 15 
. ................................. a Input 15 




2 . Mathematical Models ....................... 18 
a . System Model .......................... 18 
b . Least Squares ......................... 19 
3 . Criteria for Model Selection .............. 22 
a . Introduction .......................... 22 
b . Staiitiard EFTGF of t k i  E s t i ~ ~ t s  ........ 22 
c . Coefficient of Correlation ............ 24 
d . Analysis of  Variance .................. 25 
4 . Restrictions .............................. 27 
THE ANALYSIS .................................. 27 
1 . Introduction .............................. 27 
3 . XO-4 Package System ....................... 34 
4 . Frequency Standard System ................. 37 
2 . Computations .............................. 32 
5 . Isolation of Non-Linear Component ......... 39 
I11 . ANALYSIS OF THE EFFECTS OF ANALOG TAPE RECORDERS 
AND TAPE SPEED COMPENSATION ....................... 41 
A . EXPERIMENTAL CONDITIONS ....................... 41 
B . THE EXPERIMENTAL DATA ......................... 46 
C . ANALYSIS OF THE DATA .......................... 50 
1 . Tests of Means ............................ 50 
a . Model I ............................... 50 
b . Model I1 .............................. 54 
2 . Tests of Variance ......................... 57 
IV- ISOLATION OF SYSTEM ERRORS ........................ 61 
A . INTRODUCTION ................................. 61 




Page ’ . 
2 . Theory of Control Charts ................... 61 
3 . Control Chart for Variances ................ 62 
4 . Method of Analysis ......................... 64 
Be ERRORS OF SYSTEM COMPONENTS .................... 71 
1 . Error of the Discriminators. Digitizer. 
Printer. and Associated Circuitry .......... 71 
ciated Circuitry ........................... 74 
76 
sation ..................................... 78 
,l 
L . E r r o r  of the Package. 3CO.s. and ASSO- 
3 . Error of the Recorder and Magnetic Tape .... 
4 . Reduction of Error Assignable to Compen- 
v . CONCLUSIONS AND RECOMMENDATIONS .................... 81 
A . SUMMARY AND CONCLUSIONS: LINEARITY EXPERI- 
MENT ........................................... 81 
B . SUMMARY AND CONCLUSIONS: RECORDER AND COM- 
PENSATION EXPERIMENT ........................... 81 
1 . Effect of Analog Tape Recorders ............ 
2 . Effect of Tape Speed Compensation .......... 83 81 
C . SUMMARY AND CONCLUSIONS: ISOLATION OF SYSTEM 
ERRORS ......................................... 84 
86 D . RECOMMENDATIONS ................................ 
1 . Linearity Experiment ....................... 86 
a . XO-4 Package ........................... 87 
b . Mathematical Model ..................... 87 
c . Accuracy Estimate ...................... 87 
2 . Tape Recorder and Compensation Experi- 
ment ....................................... 88 





LIST OF TABLES 
Page 
1. 




6 .  
?. 
0 .  







Frequency Deviation Schedule About 
Center Frequency by Channels . . . . . . . .  16 
Normal Equations Through the Fifth 
Degree . . . . . . . . . . . . . . . . . . .  21 
The Analysis of Variance . . . . . . . . . . .  26 
Linearity Data for System 
Containing XO-4 Package . . . . . . . . . .  28 
Linearity Data for System 
Containing Frequency Standard . . . . . . .  30 
Regression Estimates from Data of 
XO-4 Package Using Channel 2 . . . . . . . .  32 
The Analysis of Variance For the 
Data of Table 6 . . . . . . . . . . . . . .  35 
Summary of Significance Tests for 
X O 1 4  Package . . . . . . . . . . . . . . .  36 
Summary of Significance Tests for 
Frequency Standard . . . . . . . . . . . . .  3 8 
. . . . . . .  Randomized Sequence of the Tests 44 
Ranges of the Experimental Data . . . . . . . .  48 
An Example of Bartlett's Test for 
the Frequency Standard . . . . . . . . . . .  52 
M/C Values of the Bartlett's Tests of 
Homogeneity of Variances Run on the 
Frequency Standard and Subcarrier 
Oscillator A . . . . . . . . . . . . . . .  53 
An Example Set of Data for Analysis of 
Variance Using Model I1 56 . . . . . . . . . .  
The Analysis of Variance for the 
Data of Table 14 . . . . . . . . . . . . . .  56 
Composite Summary of the Significance 
Tests for Model I1 . . . . . . . . . . . . .  57 
V 
LIST OF TABLES ( con t inued  ) 
Table  Page 
1 7 .  Summary of S i g n i f i c a n c e  o f  Variance R a t i o s  
Compiled i n  Tables  A - 5  through A - 8 .  . . . . .  59 
18. Summary of S i g n i f i c a n c e  of  Variance R a t i o s  
19.  The Variances o f  t h e  FRlWOCP Data 68 
Compiled i n  Tab les  A - 9  through A-12 . . . . .  60 
. . . . . . . .  
20. Cont ro l  Chart  Computations f o r  t h e  Data  
o f  Table  19 68 . . . . . . . . . . . . . . . . .  
21. The Variances of  t h e  FRlWCP Data.  . . . . . . . .  69 
22. Contro l  Chart  Computations f o r  t h e  Data  
o f  Table  2 1  . . . . . . . . . . . . . . . . .  69 
A-1. Summary of t h e  T e s t s  of S i g n i f i c a n c e  f o r  
t h e  Frequency Standard Using Model I1 
and a = 0 . 0 5 .  . . . . . . . . . . . . . . . .  90 
A-2. Summary of  t h e  T e s t s  of  S i g n i f i c a n c e  for 
SCO S e t  A Using Model I1 and a = 0.05 . . . .  93 
A - 3 .  Summary of Components of Variance Computed 
from t h e  Analyses  o f  Variance of 
Model I1 for t h e  Frequency Standard  . . . . .  96 
A - 4 .  Summary of Components of  Variance Computed 
from t h e  Analyses  of Variance of Model I1 
f o r  SCO S e t  A .  . . . . . . . . . . . . . . .  100 
A - 5 .  Variance R a t i o s  (o$oc/o ic )  C omputed f o r  t h e  
Data Generated by t h e  Frequency Standard  
and Recorded on Recorder  1. . . . . . . . . .  104 
A-6. Variance Ra t ios  (02 /a2 ) Computed f o r  t h e  WOC wc 
Dats  Generated by t h e  Frequency Standard  
and Recorded on Recorder  2. . . . . . . . . .  105 
A - 7 .  Variance R a t i o s  (0’ /02 ) Computed f o r  t h e  
Data Generated by S u b c a r r i e r  O s c i l l a t o r  
Se t  A and Recorded on Recorder  1. . . . . . .  106 
WOC wc 
v i  
. ?  
LIST OF TABLES 
Table 
A- 8 .  
A- 9. 
A - 1 0 .  
A-11. 
A - 1 2 .  
A-13. 
A-14. 
A - 1 5 ,  
A - 1 6 .  
A-17. 
A - 1 8 .  
A - 1 9 .  
A - 2 0 .  
Page 
2 /owe) Computed Variance R a t i o s  (owoc 2 
f o r  t h e  Data Generated by S u b c a r r i e r  
O s c i l l a t o r  S e t  A and Recorded on 
Recorder  2 . . . . . . . . . . . . . . . . .  107 
Variance R a t i o s  (D: /CJ 1) Computed f o r  2 
t h e  Data Generated by t h e  Frequency 
Standard and Reproduced w i t h  Tape 
Speed Compensation . . . . . . . . . . . . .  108 
2 2  
t h e  Data Generated by t h e  Frequency 
Standard and Reproduced wi thout  
Tape Speed Compensation . . . . . . . . . .  109 
Variance R a t i o s  (ir2 /g 1) Computed f o r  the 
Data Generated 
O s c i l l a t o r  S e t  A and Reproduced w i t h  
Tape Speed Compensation . . . . . . . . . .  110 
Variance R a t i o s  ( 0 2  /ol) Computed f o r  t h e  
Variance R a t i o s  ( CJ /o 1) Computed f o r  
2 
by S u b c a r r i e r  2 
2 
2 
Data Generated by S u b c a r r i e r  
O s c i l l a t o r  S e t  A and Reproduced wi thou t  
Tape Speed Compensation . . . . . . . . . .  111 
The Variances of the FP Data . . . . . . . . .  112 
Cont ro l  Chart Computations f o r  the Data 
of  Table  A - 1 3  . . . . . . . . . . . . . . .  112 
The Variances of the SAP Data . . . . . . . .  113 
Cont ro l  Chart Computations f o r  t h e  
Data of  Table A-15 . . . . . . . . . . . . .  113 
The Variances of t h e  FRlWOCP Data . . . . . . .  114 
Cont ro l  Chart Computations f o r  t h e  
Data  o f  Table A - 1 7  . . . . . . . . . . . . .  114 
The Variances of t h e  FR2WOCP Data . . . . . . .  115 
Cont ro l  Chart Computations f o r  t h e  
Data  of  Table A - 1 9  . . . . . . . . . . . .  .115 
v i i  















The Variances of the SARlWOCP Data . . . . . . 116 
Control Chart computations f o r  the 
Data of Table A-21 . . . . . . . . . . . . 116 
The Variances of the SAR2WOCP Data . . . . . . 117 
Control Chart Computations f o r  the 
Data of Table A-23 . . . . . . . . . . . . 117 
The Variances of the FRlWCP Data . . . . . . . 118 
Control Chart Computations f o r  the 
Data of Table A-25 . . . . . . . . . . . . 118 
The Variances of the FR2WCP Data . . . . . . . 119 
Control Chart Computations for the 
Data of Table A-27 . . . . . . . . . . . . 119 
The Variances of the SARlWCP Data . . . . . . 120 
Control Chart Computations f o r  the 
Data of Table A-29 . . . . . . . . . . . . 120 
The Variances of the SAR2WCP Data . . . . . . 121 
Control Chart Computations f o r  the 
Data of Table A-31 . . . . . . . . . . 121 
viii 
b 
LIST OF ILLUSTRATIONS 
Figure Page 
2 1. FM/FM Telemetry System . . . . . . . . . . . .  
2. Conceptual Plot of System Accuracy . . . . . .  13 
3 .  Schematic Diagram of the System Under the Two Experimental Conditions . . . . . .  17 
Conceptual Plot of the Orientation of 
the Non-Linear Effect of the System 40 4. . . . .  
5- 
Involving the FM/FM Telemetry System . . .  42 
6. Code Identification of Data . . . . . . . . .  47 
Schematic Diagram for an Experiment 
7. Block Diagram of the System when Data 
of the Frequency Standard is 
Reproduced on Recorder 1 without 
Compensation . . . . . . . . . . . . . . .  64 
8. Block Diagram of the System when Data of 
the Frequency Standard is Reproduced on 
Recorder 1 with Compensation . . . . . . .  66 
9. Block Diagram of System Components for 
the Real Time Data of the Frequency 
S t a n d a r d . . . . . . . . . . . . . .  . . .  71 
10. Block Diagram of the System Components 
for the SAP Data . . . . . . . . . . . . .  74 
11. Block Diagram of the System when Data 
is Reproduced without Tape Speed 
C ompen sat ion . . . . . . . . . . . . . . .  7 6 
12. Block Diagram of the System when Data 
is Reproduced with Tape Speed 




A .  SUMMARY OF PAST EXPERIMENTS 
rn- -le.--. ----& XT.--L-- 3 I h T h P R - c n n 2  1 A c c ~ ~ p a n n  L ~ G I ~ I ~ L C ~ I  ~ G Y U L . ~  1 Y c l L l i i u t i i  L \ u n u u - A w w J  9 n w w - r  uwJ 
Analys is  of FM/F'M Telemetry System f o r  the S a t u r n  Vehicle ,  
summarized the f i n d i n g s  o f  a s e t  of low n o i s e  and a s e t  of  
h i g h  n o i s e  experiments  performed on t h e  s t a t ed  t e l e m e t r y  s y s -  
tem. I n  summary form t h e s e  experiments  were concerned 
s p e c i f i c a l l y  w i t h  the  behav io r  o f  XO-4 packages and t h e i r  
s u b c a r r i e r  o s c i l l a t o r s  under  vary ing  n o i s e  c o n d i t i o n s .  A 
block  diagram of  the system as it e x i s t e d  a t  t h a t  t i m e  i s  
po r t r ayed  i n  F i g u r e  1. It was determined t h a t  t he  e x p e r i -  
menta l  packages and s u b c a r r i e r  o s c i l l a t o r s  were n o t  s i g n i f i -  
c a n t l y  d i f f e r e n t  i n  behavior ;  however, an e f f e c t  which appeared 
t o  be a n  i n t e r a c t i o n  between packages and s u b c a r r i e r  o s c i l -  
l a t o r s  w a s  found t o  be highly s i g n i f i c a n t .  S p e c i f i c  e s t i m a t e s  
were made f o r  e a c h  component of v a r i a n c e  based on the theo-  
r e t i c a l  model :  
+ 8 + I i j  + eijk j ' i jk = l + t i  
where : 
CL - a grand mean 
ti 
0 - a s u b c a r r i e r  o s c i l l a t o r  e f f e c t  
'i jk 
i j k  e 
- a package e f f e c t  
j - a package - SCO i n t e r a c t i o n  e f f e c t  
- a random exper imenta l  e r r o r .  
From t h e s e  components a composite e r r o r  te rm o ^ 2  (Response)  was 
developed and expressed  a s  a pe rcen t  of f u l l  range .  I t  was 
-1 
2 
es t ima ted  t ha t  t h e  minimum and m a x i m u m  p r e c i s i o n  of t h e  
FM/FM Telemetry System i n c l u d i n g  t h e  d a t a  r e d u c t i o n  p r o c e s s  
expressed  as 99% conf idence  l i m i t s  were: 
Average Minimum P r e c i s i o n  = - + 4.74% 
Average Maximum P r e c i s i o n  = - + 3.00%. 
I 
It should be noted tna t  a t  the t i m e  Lhe foiiegoing experiments 
were conducted t h e  d a t a  r e d u c t i o n  p r o c e s s  inc luded  t h e  s e r v i c e s  
of t h e  computat ion l a b o r a t o r y .  Outputs  from t h e  r e c e i v e r  were 
recorded  on magnet ic  t a p e ,  and then  t r a n s f e r r e d  t o  t h e  compu- 
t a t i o n  l a b o r a t o r y  f o r  demodulat ion and subsequent  p r o c e s s i n g  
through t h e  A/D c o n v e r t e r  u s i n g  s t a n d a r d i z e d  procedures .  
A s  would be expec ted ,  t h e  r e s u l t s  of t h e  p reced ing  
I exper iments  l e d  t o  s e v e r a l  s p e c i f i c  recommendations on a r e a s  
I recommendations that t h e  experiments t o  be r e p o r t e d  h e r e  were 
which warran ted  f u r t h e r  s tudy .  It  w a s  on the  b a s i s  of .these 
des igned  and u l t i m a t e l y  performed. Each of t h e  recommendations,  
and the a c t i o n s  which have subsequent ly  t aken  p l a c e  t o  accom- 
p l i s h  them, will be d i scussed  i n d i v i d u a l l y .  
1. L i n e a r i t y  Experiments.  P a s t  experiments  i n -  
c l u d i n g  t h e  two p r e v i o u s l y  summarized have  been based on o n l y  
f i v e  c a l i b r a t i o n  l e t e l s  ( i . e . ,  0, 25, 50, 75, and 100 p e r c e n t  
increments  of a 5 v o l t  s c a l e ) .  Although this r e f l e c t s  s t a n d a r d  
c a l i b r a t i o n  p rocedures ,  i t  w a s  concluded from the preceding  
exper iments  that i t  would be d e s i r a b l e  t o  map l i n e a r i t y  cu rves  
f o r  t he  t o t a l  system as w e l l  a s  some of i t s  s e l e c t e d  components 
a t  p a s s i b l y  twenty o r  more c a l i b r a t i o n  p o i n t s .  I n  t h i s  way 
assumptions r e l a t e d  t o  the l i n e a r i t y  o f  t h e  t o t a l  system t o  
t h e  d a t a  r e d u c t i o n  p o r t i o n  o f  the system could be v e r i f i e d  or 
d i sp roved .  S i n c e  n o n - l i n e a r i t y  i s  p o t e n t i a l l y  a source  of 
bias and consequent ly  inaccuracy  i n  any t e l e m e t r y  system i t  i s  
e s s e n t i a l  that  such c h a r a c t e r i s t i c s  be determined and e i t h e r  
compensated f o r  o r  e1iminate.d. A s  a r e s u l t  of t h i s  recommen- 
3 
d a t i o n  s e v e r a l  experiments  have been performed t o  de te rmine  
t h e  l i n e a r i t y  of t h e  system i n  q u e s t i o n  and some of i t s  s e l e c -  
t ed  components. These experiments  i n c l u d e  s t u d i e s  of the 
l i n e a r i t y  c h a r a c t e r i s t i c s  o f :  
a .  The e n t i r e  FM/F'M Telemetry System from t h e  i n p u t  
of  known v o l t a g e s  gene ra t ed  by a DC Voltage S tandard  i n t o  an 
X O - 4  package through t h e  d i g i t i z e d  o u t p u t  of a ground s t a t i o n  
p r i n t e r .  
b .  That p a r t  of t h e  system from t h e  d i s c r i m i n a t o r s  
th rough the ground s t a t i o n  p r i n t e r .  
2 .  I n t e r a c t i o n  Variance.  An A/D c o n v e r t e r  and an  
o n - l i n e  p r i n t e r  were i n s t a l l e d  i n  t h e  ground s t a t i o n  o f  t h e  
Telemetry Labora to ry  o f  the  Marshall Space F l i g h t  Center  a f t e r  
t h e  complet ion of t h e  Low Noise and H i g h  Noise  Experiments .  
I t  was f u r t h e r  sugges ted  i n  Techn ica l  Report  Number 2 tha t  i t  
would be d e s i r a b l e  t o  per form exper iments  which i s o l a t e d  t h e  
d a t a  r e d u c t i o n  system from the r e s t  of the system. I n  t h i s  
way, i t  was f e l t  that  a b e t t e r  u n d e r s t a n d i n g  of t h e  "cause" 
of the l a r g e  i n t e r a c t i o n  v a r i a n c e  would r e s u l t .  Such a s e r i e s  
of experiments  has now been performed and the  r e s u l t s  w i l l  be 
r e p o r t e d  i n  S e c t i o n s  I11 and I V  of th is  r e p o r t .  
3 .  Equipment. It was a l s o  recommended tha t  t h e  
Telemetry Labora tory  o b t a i n  sur f  i c i e n t  d i g i t a l  d a t a  p r o c e s s i n g  
equipment t o  conduct expe r imen ta l  e v a l u a t i o n s  of t e l e m e t r y  
systems.  Subsequent t o  t h e  p r e c e d i n g  recommendation a Teleme- 
t r y  Data Analys is  System has been d e s i g n e d ,  f a b r i c a t e d ,  and 
i n s t a l l e d  by the Systems Eng inee r ing  L a b o r a t o r i e s  of F o r t  
Lauderda le ,  F l o r i d a .  T h i s  system w i l l  f a c i l i t a t e  the  perform- 
ance of s e v e r a l  recommendations which appea r  i n  t h e  f i n a l  
s e c t i o n  o f  t h i s  r e p o r t .  
B .  ACCURACY AND PRECISION I N  SYSTEMS OF' MEASURENENT 
Measurement i s  d e f i n e d  a s  d e t e r m i n i n g  the d imens ions ,  
4 
. 
c a p a c i t y ,  o r  q u a n t i t y  of anything.  For o u r  pu rposes ,  i t  i s  
impor tan t  h e r e  t o  r ecogn ize  that any  measured v a l u e  c o n t a i n s  
no t  on ly  v a r i a t i o n  i n  the  q u a n t i t y  measured b u t  a l s o  e r r o r s  
of measurement as w e l l .  F u r t h e r ,  s p e c i f i c a t i o n  o f  any 
measurement system must i n c l u d e  not  o n l y  t h e  measuring d e v i c e  
bu t  a l s o  t h e  procedures  t o  be used i n c l u d i n g  the man ipu la t ions  
of t h e  u s e r  a s  w e l l .  When repea ted  measurements a r e  made o f  
a q u a l i t y  c h a r a c t e r i s t i c  under  c o n s t a n t  c o n d i t i o n s  a p a t t e r n  
of v a r i a b i l i t y  u s u a l l y  r e s u l t s .  The v a r i a b i l i t y  may be d i r e c t l y  
a t t r i b u t e d  t o  t h e  measurement system b e i n g  used and each 
measurement system w i l l  have i t s  own unique  p a t t e r n  of v a r i a -  
t i o n .  Normal p rocedure ,  t hen ,  i n  the s t u d y  o f  any measuring 
system i s  t o  d e s c r i b e  i t s  c h a r a c t e r i s t i c s  i n  terms of accuracy  
and p r e c i s i o n .  
1. Accuracy. Accuracy of  a measurement system 
r e f e r s  t o  i t s  l a c k  of  b i a s .  An unde r s t and ing  of t h e  accuracy  
o f  any measurement system i s  achieved by s t u d y i n g  i t s  systema- 
t i c  e r r o r s .  T o  de t e rmine  whether a s p e c i f i c  measuring system 
o r  i n s t rumen t  has a b i a s  i t  must be compared t o  some i n v a r i a n t  
s t a n d a r d .  The d e t e r m i n a t i o n  of  accu racy  may n o t  be as s imple  
as one might  i n i t i a l l y  expec t .  For one t h i n g ,  the only  way 
t o  de te rmine  a " t r u e "  v a l u e  i s  by the  u s e  o f  some o t h e r  
measuring system. N a t u r a l l y  t h e  system used t o  de te rmine  t h e  
" t r u e "  va lue  should  be a h i g h  p r e c i s i o n  system be l i eved  t o  be 
wi thou t  b ias .  Determina t ion  of accuracy  a l s o  i m p l i e s  t h e  
c a l i b r a t i o n  o f  the system used which i n  t u r n  g i v e s  r i s e  t o  
o t h e r  c o n s i d e r a t i o n s .  For i n s t a n c e ,  i t  may be found t h a t  t h e  
s y s t e m a t i c  e r r o r  v a r i e s  f o r  d i f f e r e n t  " t r u e "  v a l u e s  through-  
o u t  the t o t a l  spectrum of the c h a r a c t e r i s t i c  t o  be measured. 
I n  t h i s  s tudy  accuracy  w i l l  r e f e r  t o  t h e  c o n s t a n t  o r  systema- 
t i c  e r r o r s  of the system under  s tudy .  
2 .  P r e c i s i o n .  Whenever a measurement system i s  
used r e p e a t e d l y  t o  measure an unchanging c h a r a c t e r i s t i c  under  
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c a r e f u l l y  c o n t r o l l e d  c o n d i t i o n s  t h e  r e s u l t i n g  v a r i a b i l i t y  i n  
measurement i s  termed p r e c i s i o n .  I n  q u a n t i t a t i v e  terms p r e -  
c i s i o n  may b e  measured by the  s t anda rd  d e v i a t i o n  of t h e  f r e -  
quency d i s t r i b u t i o n  gene ra t ed  by r epea ted  measurements of  an 
unchanging c h a r a c t e r i s t i c  or gene ra t ed  by the  measurement of 
a homogeneous sample i n  t h e  case  of d e s t r u c t i v e  t e s t i n g .  When 
a s p e c i f i c  measurement system i s  be ing  used t h i s  v a r i a b l e  or 
random e r r o r  may be i n t e r p r e t e d  as t h e  measure o f  v a r i a b i l i t y  
w i t h i n  samples or t h e  expe r imen ta l  ( r e s i d u a l )  e r r o r .  
The cons i s t ency  of  the  measurement p a t t e r n  o f  
v a r i a t i o n  of a p a r t i c u l a r  measurement system a s  i t  i s  used 
r e p e a t e d l y  over  a pe r iod  of  t ime i s  termed r e p r o d u c i b i l i t y .  
R e p r o d u c i b i l i t y  i n  a measurement system i n f e r s  t h a t  i t s  
v a r i a b i l i t y  i s  i n  s t a t i s t i c a l  c o n t r o l  (homogeneous) which 
may be v e r i f i e d  by t h e  u s e  of Shewart c o n t r o l  c h a r t s .  If 
r epea ted  measurements exh ib i t  an e r r a t i c  p a t t e r n  of  v a r i a -  
b i l i t y ,  t h e  measurement system used must be cons ide red  n o t  
r ep roduc ib le .  Consequent ly ,  a s t a t e m e n t  o f  t h e  g e n e r a l  p r e -  
c i s i o n  of a measurement system i m p l i e s  that  t h e  method of  
measurements used i s  r e p r o d u c i b l e .  
C .  THE FM/m TELEMETRY SYSTEM 
The measurement system w i t h  which we a r e  concerned 
i n  th i s  r e p o r t  i s  t h e  F'M/F'M ( X O - 4 )  Telemetry System. T h i s  
system d i f f e r s  from the one p o r t r a y e d  i n  F i g u r e  1 o n l y  i n  
r e s p e c t  t o  the  d a t a  r e d u c t i o n  subsystem. I n  p a s t  exper iments  
t h e  output  from t h e  r e c e i v e r  h a s  been r eco rded  on magnet ic  
t a p e ,  t r a n s f e r r e d  t o  t h e  computat ion l a b o r a t o r y  for demodu- 
l a t i o n  and subsequent  p r o c e s s i n g  th rough  t h e  A/D c o n v e r t e r ,  
and u l t i m a t e l y  through a p r i n t e r .  I n  t h i s  s e r i e s  of  e x p e r i -  
ments t h e  e n t i r e  p rocess  w a s  accomplished w i t h i n  t h e  Telemetry 
Laboratory.  I n  a d d i t i o n  a c o a x i a l  c a b l e  w a s  used t o  connect  
t h e  package t o  the  r e c e i v e r .  I n  s e v e r a l  of t h e  exper iments  
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a Hewlet t -Packard Pushbut ton O s c i l l a t o r  w a s  used t o  s i m u l a t e  
t h e  i n p u t  of  an XO-4 package i n t o  t h e  d a t a  r e d u c t i o n  system. 
The i n p u t  t o  t h e  XO-4 Telemetry System i s  a v o l t a g e  
which r anges  from a minimum r e a d i n g  o f  0.00 t o  a maximum 
r e a d i n g  of 5.00  v o l t s .  Unfo r tuna te ly ,  the o u t p u t  of  t h e  sys -  
tem i s  a se t  of  d imens ion le s s  numbers. I n  t h e  f o l l o w i n g  
experiments  e f f o r t s  have been made t o  s e t  t h e  rangz of t h z s c  
va lues  a t  975 coun t s  which i s  less  than  t h e  1024 count  f u l l  
s c a l e  l i m i t  of  the t e l e m e t r y  l a b o r a t o r y  p r i n t e r .  This pro-  
cedure w a s  used t o  pe rmi t  d e t e c t i o n  o f  "off  s c a l e "  r e a d i n g s .  
If i t  i s  assumed tha t  the XO-4 system i s  l i n e a r ,  t h e n  t h e  
d imens ion le s s  numbers may be f u n c t i o n a l l y  r e l a t e d  t o  the i n p u t  
v o l t a g e s  by an a p p r o p r i a t e  t r a n s f o r m a t i o n  u s i n g  t h e  c a l i b r a -  
t i o n  l e v e l s .  By assuming complete l i n e a r i t y  the f u n c t i o n a l  
r e l a t i o n s h i p  may be  s ta ted as fo l lows :  
Q CO 
= .00513(~ - 24) 
where,  
V = Voltage i n p u t .  
D = D i g i t i z e d  o u t p u t .  
Co = D i g i t i z e d  output  a t  the 0% c a l i b r a t i o n  l e v e l  
assumed t o  be 24. 
R = Range of d i g i t i z e d  o u t p u t  f rom 0% t o  100% c a l i -  
b r a t i o n  assumed t o  be 975 counts  i n  t h i s  ca se .  
It  i s  obvious from t h e  above r e l a t i o n s h i p  t h a t  no 
s y s t e m a t i c  e r r o r s  a re  p o s s i b l e  a s  l ong  as the c a l i b r a t i o n  
l e v e l s  are l i n e a r  and the range of  the d i g i t i z e d  o u t p u t  
remains  c o n s t a n t .  These assumptions have been t e s t e d  s t a -  
t i s t i c a l l y  and w i l l  be  d i scussed  i n  S e c t i o n  11. 
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D .  THE SPECIFIC PROBLEM 
1. R e s t r i c t i o n s .  E v a l u a t i o n  of p r i o r  exper iments  
w i t h  t he  FM/F'M Telemetry System and c o n s u l t a t i o n  w i t h  t h e  
t e c h n i c a l  r e p r e s e n t a t i v e s  r e s u l t e d  i n  t h e  f o l l o w i n g  r e s t r a i n t s  
t o  be observed i n  t h e  conduct  of t h e  e x p e r i m e n t a l  program. 
a .  
b .  
C .  
d .  
e .  
f .  
The system c a l i b r a t i o n  ~ c u l d  be s imula t ed  by 
e i t h e r  an a c c u r a t e  d . c .  v o l t a g e  s o u r c e  or an  
a c c u r a t e  f r e q u e n c y  r e f e r e n c e  s t a n d a r d  depend- 
i n g  on t h e  p o r t i o n  o f  t h e  sys tem under  s t u d y .  
The i n p u t  d . c .  v o l t a g e  or r e f e r e n c e  f r equency  
would b e  a d j u s t e d  t o  s i m u l a t e  t he  f i v e  l e v e l s  
of c a l i b r a t i o n .  An e x c e p t i o n  w a s  p rovided  f o r  
l i n e a r i t y  checks t o  p e r m i t  the u s e  of 0.25 v o l t  
i n t e r m e d i a t e  l e v e l s  of c a l i b r a t i o n .  
A s  i n  t h e  p a s t  o n l y  one channe l  would b e  under  
t e s t  a t  a t i m e .  The d . c .  v o l t a g e  on the r e -  
maining channe l s  would be s e t  a t  2.500000. 
The o u t p u t  f rom t h e  r e c e i v e r  would be e i t h e r  
d i r e c t l y  p r i n t e d  o r  r eco rded  on magnet ic  t a p e  
and i n  some c a s e s  b o t h  s i m u l t a n e o u s l y .  All 
demodulat ion and subsequen t  p r o c e s s i n g  th rough  
t h e  A/D c o n v e r t e r  and p r i n t e r  would be accom- 
p l i s h e d  on the equipment a v a i l a b l e  i n  the 
Telemet ry  L a b o r a t o r y .  
A p roduc t ion  q u a l i t y  XO-4 package and o t h e r  
sys tem components would be used  i n  a l l  e x p e r i -  
ments .  Check-out p r o c e d u r e s  would be t h o s e  
normal ly  i n  u s e  and would b e  checked by 
Telemet ry  L a b o r a t o r y  p e r s o n n e l .  
The d i g i t i z a t i o n  of  t he  o u t p u t  s i g n a l  would be 
a t  a r a t e  of 5 samples  p e r  second.  S u f f i c i e n t  
d a t a  would be  r eco rded  t o  p r o v i d e  a t  l e a s t  a two 
second sample f o r  e a c h  c a l i b r a t i o n  w i t h i n  each 
channel  f o r  a1 1 experiments  . 
g .  S e v e r a l  XO-4 packages and a t  l e a s t  f i v e  sub- 
c a r r i e r  o s c i l l a t o r s  f o r  each  f r equency  would be 
made a v a i l a b l e  as w e l l  as  two Ampex Analog r e -  
c o r d e r s  i n  t h e  Telemetry Labora tory  ground s t a t i o n .  
h. When u s i n g  magnet ic  t ape  f o r  r e c o r d i n g  da t a ,  5 
t a p e  t r a c k s  would b e  used t o  r e c o r d  da ta ,  1 t r a c k  
f o r  compensation, and 1 t r a c k  f o r  v o i c e  i d e n t i f i -  
c a t i o n .  
2 .  €hest ions t o  b e  Answered. 
1. Does a l i n e a r  model provide  an adequa te  f i t  t o  t h e  
da ta  f o r  a p a r t i c u l a r  channel?  
2 .  Does a s i g n i f i c a n t  non- l inea r  e f f e c t  exis t  i n  t h e  
system? 
3 .  If t h e r e  i s  a non- l inea r  e f f e c t ,  which component ( o r  
components) i s  r e s p o n s i b l e  f o r  the e f f e c t ?  
4. I s  t h e r e  a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  e f f e c t s  of 
d i f f e r e n t  ana log  t a p e  r e c o r d e r s ?  
5. I s  t a p e  speed compensation e f f e c t i v e  i n  the r e d u c t i o n  
of n o i s e  when u s i n g  ana log  t a p e  r e c o r d e r s ?  
6. Is t h e r e  an i n t e r a c t i o n  e f f e c t  between r e c o r d e r s  and 
t a p e  speed compensat ion? 
7 .  What amount of e r r o r  do t h e  d i s c r i m i n a t o r s ,  d i g i t i z e r ,  
p r i n t e r ,  and a s s o c i a t e d  c i r c u i t r y  i n t r o d u c e  i n t o  t h e  system? 
8. What amount of e r r o r  i s  i n t roduced  i n t o  t h e  system 
by t h e  package, SCO's and a s s o c i a t e d  c i r c u i t r y ?  
9 .  What i s  t h e  amount of  e r r o r  i n t roduced  i n t o  t h e  
sys tem due t o  t h e  r e c o r d e r  and magnet ic  t a p e ?  
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10.  H o w  much, i f  any, does t a p e  speed compensation 
reduce  the t o t a l  e r r o r  of t h e  system? 
11. Is t h e  expe r imen ta l  d a t a  r e p r o d u c i b l e ?  If n o t ,  
how much r e d u c t i o n  i n  system e r r o r  can be expected i f  
measures a r e  t aken  t o  ensure r e p r o d u c i b i l i t y  of t h e  e x p e r i -  
mental  d a t a ?  
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SECTION I1 
LINEARITY EXPERIMENT 
A .  THE PROBLEM 
1. Introduction. The assumptions concerning 
linearity of the xcj-4 FM/Ffl telemetry system acquire their 
importance in the data reduction process. More specifi- 
cally, at present the mathematical model assumed in the 
data reduction process for the system relationship is a 
fourth degree polynomial. If, for example, the relation- 
ship between system input and output is truly linear then 
it is possible to introduce error into the reduction pro- 
cess by using a model other than a linear one. 
The determination o f  the linearity characteris- 
tics of  the F'M/F'M telemetry system is also important in 
evaluating the need for redesign. If the system is non- 
linear an analysis of the subsystem components could pro- 
vide indications of the source of the non-linear effect. 
Consequently, the linearity experiment w a s  
designed to: 
(1) derive an appropriate linear relationship for 
each channel within the system. 
(2) determine if' the linear model provides an 
adequate relationship between system input and 
output. 
(3) determine whether a higher degree equation p r o -  
vides a better model for the system. 
(4) isolate the non-linear effect, if any, within 
the subsystem components. 
The experiment w a s  conducted under the direction of quali- 
fied ground station personnel. 
2. Accuracy. The calibration of the FM/F'M tele- 
metry system is facilitated by a five-step calibration 
sequence. Such a calibration sequence occurs several times 
during a flight, 
interpolation' is used to relate the digitized output 
values to the input voltage of the system. L o s s  of accuracy 
results only in the data reduction process when an in- 
zppropriate mathematical relatiofiship i s  used to infer in- 
put values associated with given output values. 
In the data reduction process Lagrangian 
The accuracy of the FM/FM telemetry system is 
illustrated in Figure 2 . The solid line represents a 
conceptual plot of the true relation and the dashed line is 
an estimated relationship resulting from calibration data. 
If the two curves do not coincide then inaccuracy (constant 
bias) is introduced into the information. This inaccuracy 
is represented by the resulting vertical deviations of the 
two curves in the figure. 
It is possible that a particular degree curve 
provides the best relationship between input and output 
even though the curve does not pass exactly through every 
calibration mean. The calibration means are computed from 
a sample and, therefore, will likely deviate from the true 
means because of the random error (precision) of the system. 
Again, refering to Figure 2 , the estimating relation may 
pass exactly through the means and still be the wrong re- 
lationship for the system. 
Therefore, it is desirable to develop a procedure 
which considers the random error in establishing the system 
relation. Such a procedure could be applied equally well 
to the evaluation of the linearity characteristics of the 
subsystem components. 
- 
-Lagrangian interpolation results in the fitting 
of an nth degree curve through n+l points, in this case a 
fourth degree curve through 5 points. 
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3.  P resen t  L i n e a r i t y  Test  Procedure.  One p rocedure  
c u r r e n t l y  b e i n g  used t o  check t h e  l i n e a r i t y  of subsystem 
components i s  as f o l l o w s  . 2 
Inpu t  known v o l t a g e s  i n t o  t h e  sys tem o r d i n a r i l y  
a t  s t a n d a r d  c a l i b r a t i o n  l e v e l s .  
Determine a d i g i t i z e d  o u t p u t  v a l u e  for each  l e v e l  
of i n p u t .  
F i t  t h e  " i d e a l  s t r a i g h t  l i n e "  on a g raph  of o u t -  
p u t  d i g i t s  v e r s u s  i n p u t  v o l t a g e  by drawing a 
s t r a i g h t  l i n e  t o  connec t  t h e  z e r o  p e r c e n t  p o i n t  
t o  the  100 p e r c e n t  o u t p u t  p o i n t .  The sample s i z e  
f o r  de t e rmin ing  t h e  p o i n t s  i s  n o t  s p e c i f i e d  b u t  
the  p o i n t s  a p p a r e n t l y  r e p r e s e n t  a mean for some 
t i m e  pe r iod  as s p e c i f i e d  f o r  checking  a s p e c i f i c  
component. 
Add t h e  g r e a t e s t  p o s i t i v e  d e v i a t i o n  and t h e  
greatest  n e g a t i v e  d e v i a t i o n  from t h e  " i d e a l  
s t r a i g h t  l i n e "  and d i v i d e  t h e  sum by two t o  o b t a i n  
an  ave rage .  
D i v i d e  t h e  v a l u e  de te rmined  i n  s t e p  (4) by t h e  
s c a l e  r ange  of t h e  " i d e a l  s t r a i g h t  l i n e "  and 
m u l t i p l y  by 100 t o  c o n v e r t  t o  a p e r c e n t a g e .  
I f  t h e  va lue  expressed  i n  p e r c e n t  i s  e q u a l  t o  o r  
l e s s  t h a n  - + 0.15% a c c e p t  t h e  d e r i v e d  l i n e  as  an  
a c c e p t a b l e  model. 
This procedure  w a s  n o t  c o n s i d e r e d  a c c e p t a b l e  f o r  e x p e r i -  
menta l  purposes  f o r  s e v e r a l  r e a s o n s  i n c l u d i n g :  
(1) The l i n e  t h u s  d e r i v e d  from t h e  z e r o  and 100 p e r -  
c e n t  p o i n t s  does  n o t  r e f l e c t  t h e  i n f o r m a t i o n  
a v a i l a b l e  f r o m  t h e  o t h e r  p o i n t s .  All of t h e  
p o i n t s  c o n t a i n  a c e r t a i n  amount of s y s t e m a t i c  and 
The procedure  i s  s p e c i f i e d  i n  "SCO-lOlD, 1s 
May, 1963, S p e c i f i c a t i o n  S u b c a r r i e r  O s c i l l a t o r " .  
random e r r o r s .  The " i d e a l  s t r a i g n t  l i n e "  connect-  
i n g  t h e  z e r o  and 100 pe rcen t  p o i n t s  does no t  u se  
t h e  knowledge o f  t hese  e r r o r s .  
( 2 )  The l i n e  determined cannot be  mathemat ica l ly  r e -  
l a t e d  t o  t h e  popula t ion  from which i t  w a s  drawn. 
For example t h e  c o e f f i c i e n t s  are  n o t  n e c e s s a r i l y  
unbiased and minimum v a r i a n c e  e s t i m a t e s  o f  t h e  
u n i v e r s e  parameters .  
Therefore ,  i n  t h i s  experiment  i t  w a s  dec ided  t o  use  some 
o t h e r  procedure t o  o b t a i n  an  accep tab le  model for t h e  r e -  
l a t i o n  between i n p u t  and output .  
B. THE EXPERIMENTAL DESIGN 
1. Exper imenta l  Condi t ions.  
a. INPUT. Two d i f f e r e n t  t y p e s  of' i n p u t  were employed 
i n  t h e  l i n e a r i t y  experiment ,  v o l t a g e  and f requency .  For a 
t e s t  of t h e  e n t i r e  XO-4 (FM/??M) system a 21  s t e p  v o l t a g e  
f u n c t i o n  w a s  used t o  s i m u l a t e  t h e  i n p u t  f rom a t r a n s d u c e r  
th rough t h e  XO-4 package t o  the r e c e i v e r .  The 2 1  s t e p s  were 
gene ra t ed  over  a ze ro  t o  f i v e  v o l t  r ange  i n  0.25 v o l t  i n -  
crements  by a d .c .  v o l t a g e  s tandard  a c c u r a t e  t o  s i x  decimal  
p l a c e s .  
To i s o l a t e  t h e  non- l inear  component, i f  any, 
a s s o c i a t e d  w i t h  t h e  package, i npu t  w a s  provided t o  t h e  r e -  
c e i v e r  by a Hewlet t -Packard f requency  g e n e r a t o r .  I n  t h i s  
c a s e  11 f requency  s t e p s  were genera ted  f romthe  lower t o  
upper  band edge of each of t he  17  channe l s .  The 11 f r e -  
quency v a l u e s  for each channel a r e  p r e s e n t e d  i n  Table 1. 
The two types  of i npu t  were p r i m a r i l y  used t o  
i s o l a t e  t h e  n o n - l i n e a r  component, i f  any,  i n  t h e  system. 
A schemat ic  diagram of t h e  system f o r  t h e  t w o  i n p u t s  i s  
g i v e n  i n  F igu re  3 .  It can be seen  frcm t h e  
b o t h  t h e  package system and f requency  s t a n d a r d  
i d e n t i c a l l y  t h e  same from t h e  r e c e i v e r  through 
f i g u r e  t h a t  
system were 
t h e  p r i n t e r .  
TABLE 1 
FREQUENCY DEVIATION SCHEDULE ABOUT 
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21 , 340 
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15 
27 Y 750 
28 , 200 
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29 , 100 









Hence, any difference in the two systems will reflect 
effects preceding the receiver. 
b. OUTPUT. The output of the system was a set of 
dimensionless numbers (counts). The range of the digitiza- 
tion and printing equipment was from zero to 1024 counts. 
Therefore, for this experiment effort was made to maintain 
the origin at 24 counts and the range at 975 counts. This 
enabled the experimenters to detect any shifts at the end 
points. Thirty samples were taken at each level from which 
means were computed and retained for subsequent analysis. 
2. Mathematical Models. 
a. SYSTEM MODEL. Under the assumption of  linearity of 
the F'M/F'M telemetry system a model relating system input to 
output is as follows: 
= a + alIi + ei [ l l  Oi 0 
where, 
{ai) is a set of observed output values from the 
system. 
a and al are the universe parameters of the 
appropriate linear relationship for the system. 
0 
Ii is the ith value of the controlled input to the 
s ys t em. 
{ei) is a set of independent random variables which 
represent the unpredictable and uncontrolled effects 
of the system. 
normal population with zero mean and variance 3 , :.e. 
The ei are assumed to be drawn from a 
2 
2 NID(O,O ) .  
18 
In practice the a ' s  must be empirically estimated from 
experimental data for the system. Such an estimating re- 
lation might be, 
Oi = a + alIi 
0 
where , 
a and a are estimates of the universe parameters 
0 1 
.A and xl. 
0 
In the d-ata reduction process it is necessary to infer 
inputs for given outputs. Therefore, f o r  data reduction 
equation [2] would be in the form 
Ii - (Oi - ao)/a,. i31 
However, since either of the above equations may be used to 
determine the linearity characteristics of the system we 
will use the form of equation [Z] in this report. Equation 
[2] can be extended to provide models for higher degree 
polynomials as follows: 
12al Oi = a + alIi + a21i 2 +. . .+ arIi r . 
0 
Models through the fifth degree will be considered in the 
latter part of this chapter. 
b. LEAST SQUARES. In the analysis of the experimental 
data the method of least squares was used to constrLict mathe- 
matical models for the environment. This method is more 
desirable than others as it gives unbiased and minimum 
variance estimates of the universe parameters. This method 
is so named because through the method of  least squares we 
19 
obtain the curve which minimizes the squared deviations 
between the actual and computed points: 
2 Zd' = Z ( Y  - $) = a minimum. 
The Y's are the observed (actual) points and the ? = a. + albX 
are the computed points (for a first degree curve). 
To illustrate the method of least squares consider 
the situation where it is desired to fit a straight line to a 
set of experimental data. 
a we form the expression, 
To determine estimates of a. and 
1 
A 2 Zd2 = Z ( Y  - Y)2 = Z ( Y  - a. - alX) . 
To minimize the above expression partial deriva- 
tives of this expression with respect to a. and a1 are set 
equal to zero. This mathematical manipulation results in the 
following normal equations: 
aoN + a ZX = ZY 141 1 
Inasmuch as a. and a are the only unknown quanti- 1 
ties in equations [4] and [5] ,  their values may be determined 
by simultaneous solution of these two equations. To determine 
the least squares second degree curve for the data, it is 
necessary to add another term, a2X , to the expression for 
Ed2 and rederive the set of normal equations. This may be 
continued for any degree curve desired. Table 2 lists a 
summary of the normal equations through the fifth degree. 
2 
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3 .  Criteria for Model Selection. 
a. INTRODUCTION. Experience indicates that the FM/FM 
telemetry system may be moderately non-linear. Therefore, 
some criterion must be established to determine the devia- 
tion permissible before the hypothesis of linearity is 
rejected. Further, if the linearity assumption is rejected 
the criterion must be applicable to the testing of the 
appropriateness of a higher degree model for the system. 
From graphs of past data it appears that the non-linear 
effect is only slight. Therefore it was decided that the 
analysis o f  this non-linear effect should not continue past 
the fitting of a fifth degree (quintic) curve. 
In order to select the appropriate model from the 
mathematical models available some measure of effectiveness 
f o r  each o f  the models must be obtained. Two such measures 
often associated with least square curves are the standard 
error of the estimate and the coefficient of correlation. 
b. STANDARD ERROR OF THE ESTIMATE. The standard error 
of the estimate (Sy,x) is a measure of the amount of 
variation of the actual values of a dependent variable from 






Yi = the observed value 
A 
yi = the computed value from the regression equation 
N = the number of observations. 
22 
This measure indicates the variation which has not been 
explained by the estimating equation. A s  in the case of a 
sample variance it is necessary to unbias S 
a reasonable estimate of the variation expected in the total 
population. An unbiased estimate of 0 
is 
to obtain 2 Y.X 
of the universe Y.X 
N (7) s Y . x  'Y.X N m 
- 2 - "2 [ 7 1  
where , 
m = the number of coefficients in the estimating 
equation. 
Because of the nature of least squares regression 
analysis SYax 
each higher degree curve is fitted to the data. The stan- 
dard error cannot increase. If the next higher degree 
equation offers no better fit,then the corresponding co- 
efficient is zero and S w i l l  remain constant. However, 
the unbiased standard error, Sy,x , may increase as well as 
remain constant or decrease. 
must either remain constant or decrease as 
Y.X A 
Consideration was given to using the unbiased 
standard error to determine the appropriate mathematical 
model for the system. The appropriate model would be that 
degree equation for which 
A A A 
> < 
'Y.X( k-1 ) ' Y . X ( k )  - ' Y . X ( k + l )  
where , 
181 
k = the degree of the estimating equation. 
However, such a measure of appropriateness of the system 
model was not acceptable because in some cases 
may be less than S 
Sy,x(k+2) 
A A 
is not. Y.X( k + l )  even though S Y . X ( k )  
23 
The unbiased standard error is an acceptable measure of 
variation once the system model has been selected. 
c. COEFFICIENT OF CORFBLATION. The coefficient of 
correlation, r, is used to measure the degree of relation- 
;hip between variables and is independent of the units or 
terms in which the variables are expressed. However, the 
coefficient of correlation is not i ndependen t  of the stand- 
ard error of the estimate. The relation between the two is 
L L L r = 1 - Sy,x / Sy . [ 9 1  
Perfect correlation is indicated by r = + 1. When there is - 
no functjonal relationship between the variables then r = 0. 
As in the case of the standard error the correlation 
coefficient is a biased estimate. An unbiased estimate of 
the universe correlation coefficient is given by 
With the knowledge (from equation [ 9 ] )  that rL is inversely 
r\ 
L it is not surprising to find that r Y. x proportional to S 
must continue to increase or remain constant for each higher 
degree equation. 
to increase or remain constant. 
A - 
Analogous to SYex , r is not restricted 
As a measure of effectiveness for selection of the 
appropriate regression model we could choose that degree 
equation for which 
< ~ 
r( k + l )  
As before such a measure was found to be unacceptable since 
even though equation may be satisfied r (k+2)  could 




d. ANALYSIS OF VARIANCE. The technique of analysis 
of variance can be used to test the significance of each of 
the coefficients of an estimating equation. For example, 
analysis of variance may be used to determine if a signifi- 
cant linear trend exists among the data. The analysis of 
variance technique may also be used to determine whether a 
second degree curve provides a significantly better fit to 
the data than a linear model. This technique together with 
regression analysis was used in the linearity experiment 
described in this section. As we are only interested in 
those effects through the fifth degree we will assume that 
those effects higher than the fifth degree are negligible. 
These effects will be included in the residual (error) sum 
of squares. By testing all of the effects at once it will 
b e  pcssible to circumvent certain problems associated with 
using analysis of variance with regression analysis 3 . 
The analysis of variance is presented in Table 3. 
There is only one degree of freedom associated with each 
effect. To test the significance of each effect it is 
necessary to divide the appropriate mean square by the 
residual (error) mean square term. This ratio is compared 
to values of the theoretical F-distribution with the appro- 
priate degrees of freedom. Significance of a particular 
degree effect is indicated when its corresponding variance 
ratio is greater than the theoretical value of the F-dis- 
tribution. 
31f, for example, each effect is tested sgainst 
its own error term then the problem arises as to how many 
effects must be non-significant before we discontinue 
testing higher degree effects. 
Source o 
V a r i a t i  o 
Linear  
Quadra t i  
Cubic 
Quar ti c 
Q u i n t i c  
E r r o r  
T o t a l  
TABLE 3 
THE ANALYSIS OF VARIANCE 

































R a t i o  
2 
3 L  3 
s2'/se 
2 2  
' 3  /'e 
2 2  
'4 /'e 
2 2  
/'e 
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C .  THE ANALYSIS 
4. Restrictions. The linearity experiment was 
performed according to the following rules and restraints: 
(1) A production quality XO-4 package would be used 
in the total system tests. An "accurate" Hewlett- 
Packard frequency generator would be used in the 
subsystem tests. 
(2) A 21 step calibration function would be input t o  
the XO-4 package when it was under test. The 21 
voltage steps would be simulated by a d.c. voltage 
standard accurate to six decimal places. An 11 
step calibration function would be input to the re- 
ceiver by the frequency generator for the subsystem 
tests. 
(3) The linearity experiment would be performed under 
low noise" conditions, i.e., all channels except f ?  
the one under test would be set at center frequency. 
(4) The digitization of the output signal would be 
under real time conditions. The printing rate 
would be at five samples per second. Sufficient 
time would be allowed to obtain 3 0  samples for 
each calibration step. 
1. Introduction. The tests were performed for each 
of the 17 channels and each of the two conditions of input 
producing 34 sets of' data. Tables 4 and 5 present the 
means of 30 samples at each level. 
A curvilinear regression program written for the 
Univac Solid State 80 Computer was utilized to obtain the 
necessary quantities for the analyses. The program was 
run in the double precision mode and gave the quantities S 
and a value of SySx for each of the five degree curves 
fitted to the data. 
Y 
TABLE 4 





































































































































































































































































































































































































2:‘ Based  on r e sponse  c h a r a c t e r i s t i c s  of channe l .  
TABLE 5 
s t epi' 

































































































































2. Computations. The sums of squares were obtained 
from the results of the regression program by utilizing a 
derived computational procedure. The procedure will be 
illustrated by an example set of data. Table 6 presents 
the results of the regression program for a sample of data. 
TABLE 6 
REGRESSION ESTIMATES FROM DATA 
OF xo-4 PACKAGE USING CHANNEL 2 
'Y.X( k) Degree (k) 
O.L$+516 




N = 21  sY = 294.53174 
The necessary computations are as follows. 
(1) The total sum of squares 
SSy = NS:= 21  (294.53174)2 
= 1,821,727.86327 
(2) The linear sum of squares 
SS = N S < -  N,$ al Y.X( 1) 
32 
I 
( 3 )  The q u a d r a t i c  sum of s q u a r e s  
- 2 2 
- N S Y . X ( l )  - NSY.X(2)  ss a2 
(4) The cub ic  sum of squares  
2 
Y A 4 )  = NS2 - N S  Y . X ( 2 )  ss a3 
= 21(0.3959312 - 21(0.3959212 
= 0.00021 
( 5 )  The q u a r t i c  sum of s q u a r e s  
= 
= 0.11613 
21( 0.39592)' - 21( 0 . 3 8 8 8 7 ) ~  
( 6 )  The q u i n t i c  sum of squa res  
- 
- NSY.X1 ss aS 
2 - 21( 0 . 3 8 8 8 7 ) ~  - 21( 0.37318) 
= 0.25116 
( 7 )  The r e s i d u a l  or e r r o r  sum of squa res  
"e - N s ~ . ~ ( 5 , )  
- 2 
= 21(  0.37318)2 
= 2.9244.6 
33 
These c a l c u l a t i o n s  a r e  summarized and p r e s e n t e d  i n  s t anda rd  
form i n  Table  7 .  S i n c e  on ly  t h e  l i n e a r  e f f e c t  i s  s i g n i f i -  
c a n t  i t  i s  concluded tha t  t h e  l i n e a r  model p r o v i d e s  an ade- 
q u a t e  f i t  f o r  these d a t a .  
3 .  X O - 4  Package System. The r e g r e s s i o n  a n a l y s i s  
and ana lyses  of v a r i a n c e  were performed on t h e  XO-4 package 
d a t a  of  Table  +. 1 1  
i n  T a b l e  8. I n  g e n e r a l  t h e  t o t a l  system appea r s  t o  be non- 
l i n e a r .  Although a few channe l s  e x h i b i t e d  c u b i c  o r  h i g h e r  
e f f e c t .  A l l  b u t  one of t h e  17 channe l s  d i s p l a y e d  a s i g n i f i -  
c a n t  q u a d r a t i c  e f f e c t  a t  t h e  a = .01 l e v e l .  
rrlLn -,."..-I&-- 
l l l G  L G S U I L ~  of tile t e s t s  a r e  p r e s e n t e d  I 
I 
degree  e f f e c t s  t h e  t e s t s  i n d i c a t e  a much s t r o n g e r  q u a d r a t i c  i 
If a second degree  e q u a t i o n  i s  used t o  e x p l a i n  t h e  
r e l a t i o n s h i p  between i n p u t  and o u t p u t  o f  t h e  system t h e n  
Using a t h e  expected v a r i a t i o n  would be g i v e n  by S 
mean range of 969.824 an  es t imate  of the ave rage  v a r a i t i o n  




/2 sY.x(2) i / l 7  = 0.26261 
- v   2 s y . x (  2 )  i=2 
and 
% V a r i a t i o n  = 100 ,/-' s ~ , ~ ( ~ )  /k = 0.053 
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SUMMARY OF SIGNIFICANCE TESTS 
~ 
Linear 
FOR xo-4 PACKAGE 
Quad rat i c 
- 
Cubic 






4. Frequency Standard System. The r e s u l t s  of t h e  
r e g r e s s i o n  a n a l y s i s  and a n a l y s e s  of v a r i a n c e  of  Table 5 a r e  
summarized i n  Tab le  9.  Only two channe l s  e x h i b i t e d  non- 
l i n e a r  e f f e c t s  a t  the a = .01 l e v e l .  Hence, we may conclude 
t h a t  t h e  f r equency  s t a n d a r d  subsystem i s  l i n e a r .  
We may de te rmine  an e s t i m a t e  of t h e  v a r i a t i o n  
about t h e  l i zea r  mnds l  f r o m  the s t a n d a r d  e r r o r ,  S,, v , , , .  
Using a mean r ange  of 973.824 an 
v a r i  a t  i on becomes , 
l . A (  I J 
e s t i m a t e  of t h e  average  
l8 A2 
i / l 7  = 1.70770 sY.x( 1) = z  
-2 
sY.x(l) i = 2  
and 
This  r e p r e s e n t s  t h e  r e s i d u a l  v a r i a t i o n  which remains unex- 





















SUMMARY OF SIGNIFICANCE TESTS 
FOR FREQUENCY STANDARD 
-7 
L i n e a r  Luad r a t  i c Cubic Q u a r t i c  Q u i n t i c  
- :S ign i f i cance  a t  u = .01 
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5. I s o l a t i o n  of t h e  Non- l inear  Component. The 
impor tan t  conc lus ions  of 11-C-3 and 11-C-4 were as f o l l o w s .  
(1) The t o t a l  system was n o n - l i n e a r .  
( 2 )  The f requency  s tandard  subsystem was l i n e a r .  
R e c a l l ,  from F i g u r e  3 , t h a t  t h e  t w o  systems employed 
i d e n t i c a l l y  t h e  same network f r o m  t h e  r e c e i v e r  th rough 
t h e  p r i n t e r .  Therefore ,  w e  may f u r t h e r  conclude that t h e  
n o n - l i n e a r  e f f e c t  i n d i c a t e d  i n  t h e  t o t a l  ( X O - 4  package)  
system must r e s u l t  b e f o r e  t h e  r e c e i v e r .  There a r e  t w o  
p i e c e s  of equipment i n  t h e  t o t a l  system b e f o r e  t h e  r e -  
c e i v e r :  t h e  d . ~ .  v o l t a g e  s t anda rd  and t h e  XO-4 package. 
Inasmuch as each  s e t t i n g  w a s  made on t h e  d . c .  v o l t a g e  
s t a n d a r d  a c c u r a t e  t o  s ix  decimal  p l a c e s  t h i s  in s t rumen t  
was adequa te ly  l i n e a r  f o r  these a n a l y s e s .  This l e a d s  t o  
t h e  conc lus ion  t h a t  the non- l inea r  e f f e c t  of t h e  t o t a l  
system e x i s t s  w i t h i n  t h e  XO-4 package. 
I t  would be meaningful  t o  v i s u a l i z e  t h e  way i n  
which t h e  q u a d r a t i c  model i s  o r i e n t e d  t o  t h e  da ta  f o r  t h e  
t o t a l  system. F igu re  4 e x h i b i t s  a conceptua l  p l o t  o f  
t h e  g e n e r a l  r e l a t i o n s h i p  of the a p p r o p r i a t e  second degree  
e q u s t i o n  t o  t h e  l i n e a r  model. It can be seen  from t h e  
f i g u r e  that t h e  q u a d r a t i c  curve has a p o s i t i v e  a c c e l e r a -  





OF THE ORIENTATION OF THE 
NON-LINEAR EFFECT OF THE SYSTEM 
FIGURE 4 
The two important facts which are of importance 
to telemetry engineers in the redesign of the system are 
as f o l l o w s .  
(1) The non-linear effect exists in the XO-4 package. 
(2) The non-linear effect is one of positive 
ac c el erat i on. 
SECTION 111 
ANALYSIS OF THE EFFECTS OF ANALOG TAPE RECORDERS 
AND TAPE SPEED COMPENSATION 
A. EXPERIMENTAL CONDITIONS 
An experiment to analyze the effects of analog 
tape recorders and the effects of tape speed compensation 
on the FM/F'M Telemetry System was conducted in the Tele- 
metry Laboratory of the Marshall Space Flight Center. 
The experiment was supervised by experienced ground 
station personr?el ax3 all equipment setups were thoroughly 
checked before actual data recording began. Nuch of the 
actual setting up of the equipment and the regulation of 
the instruments was done by the personnel of the Systems 
Engineering Group. A schematic diagram of the tele- 
metry system for this experiment is presented in Figure 5. 
Only one package, an XO-4, was used in this ex- 
periment and it was supplied voltage by a DC voltage 
standard. Five sets of subcarrier oscillators (Scots) 
were used on the package. In addition an AC frequency 
standard was used as a sixth input source of data. Each 
input source was tested at five voltage levels, 0.00, 
1.25, 2.50, 3.75, 5.00 volts, with the voltages being 
stepped through in sequence from 0.00 to 5.00 volts. The 
frequency standard was used to simulate the voltage input 
levels by equating 0% full scale output to 0.00 volt, 
25% full scale output to 1.25 volt, 
to 2.50 volts, 75% full scale output to 3.75 volts, and 
100% full scale output to 5.00 volts. 
50% full scale output 
OOKC 
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D C VOLTAGE STANDARD 
I 1 , I I 
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F I G U R E  5. S C H E M A T I C  DIAGRAM F O R  AN EXPERIMEN i 
I N V O L V I N G  T H E  FM/FM TELEMETRY SYSJ  EI-I 
4L 
Each i n p u t  w a s  a l s o  t e s t e d  on each of t h e  s t a n d -  
a r d  I R I G  t e l e m e t r y  channels  2 th rough 18 under  " low n o i s e "  
condi t ions . '  Thus, for each i n p u t  sou rce  t h e r e  were f i v e  
c a l i b r a t i o n  l e v e l s  and 17 channels  for a t o t a l  o f  85 s e t s  
of " r e a l  t ime"  d a t a . 2  
t h i s  experiment  for two reasons ;  t o  i n s u r e  that  a d d i -  
t i o n a l  d a t a  would be a v a i l a b l e  i f  some of t h e  da t a  c o n t a i n -  
ed s p u r i o u s  r e s u l t s ,  and a l s o  t o  p rov ide  a d d i t i o n a l  da ta  
i f  r e p l i c a t i o n s  of SCO's were  subsequen t ly  recommended. 
However, o n l y  one s e t  of SCO's  and t h e  f requency  s t anda rd  
were analyzed as sources  of  i n p u t .  
F ive  s e t s  of  SCO's were used i n  
The i d e n t i f i c a t i o n  o f  t h e  d a t a  w a s  by i n p u t  
sou rce ,  t h e  v a r i o u s  s e t s  o f  SCO's were l a b e l e d  A ,  By C ,  D ,  
E ,  and t h e  f requency  s tandard  w a s  l a b e l e d  F. The d a t a  
gene ra t ed  by SCO s e t  A was chosen t o  be analyzed a l t o g e t h e r  
w i t h  that  gene ra t ed  by t h e  f requency  s t a n d a r d .  I t  w a s  
f e l t  that one s e t  of SCO's and one package would s u f f i c e  
s i n c e  t h e  a n a l y s e s  performed i n  Technica l  Report  No. 2' 
i n d i c a t e d  that  t h e  average  e f f e c t s  a r e  c o n s t a n t  f r o m  one 
s e t  of SCO's t o  t h e  nex t  and f r o m  one package t o  t h e  n e x t .  
I n  a d d i t i o n  t o  t h e  rea l  t ime d a t a  two Ampex 
ana log  t a p e  r e c o r d e r s  were used t o  r eco rd  t h e  d a t a  s imul -  
t a n e o u s l y .  The s e l e c t i o n  of i n p u t  s o u r c e  and channel  
under  t e s t  w a s  randomized and the sequence of  t h e  t e s t s  
i s  shown i n  Table 10.  
'"Low n o i s e "  c o n d i t i o n s  mean that  each channel  
not, under  t e s t  i s  supp l i ed  w i t h  2.50 v o l t s .  
2"Real t ime" da t a  i s  da t a  which i s  p r i n t e d  out  
a t  t h e  t i m e  of t e s t i n g .  Data which i s  recorded on t a p e  
and l a t e r  reproduced i s  n o t  r e a l  t ime d a t a .  
' G r i f f i n ,  Marvin A .  and Simpson, Richard S. 
Accuracy Ana lys i s  of FM/l?M Telemetry System for t h e  S a t u r n  
Vehic le .  U n i v e r s i t y ,  Alabama: U n i v e r s i t y  of Alabama, 
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The t a p e s  used f o r  r e c o r d i n g  were 7 t r a c k ,  1/2 
i n c h  w i d e ,  1-1/2 m i l s  t h i c k  ana log  r e c o r d i n g  t a p e .  S i x  
ree ls  of t a p e  were used - one f o r  each i n p u t  s o u r c e .  
Three reels  of t a p e  were Ampex brand and t h r e e  were Sco tch  
brand .  A 100 KC r e f e r e n c e  s i n e  wave w a s  r eco rded  on t r a c k  
3 t o  be used f o r  t a p e  speed compensation. Track 6 w a s  
used for an  a u d i o  i d e n t i f i c a t i o n  of the d a t a  on the t a p e s .  
The a c t u a l  data  w a s  r eco rded  on the remain ing  t r a c k s  (1, 
2 ,  4, 5, and 7 ) .  When t h e  t a p e s  were p layed  back the da t a  
w a s  t a k e n  from t r a c k  4 ( t h e  same d a t a  w a s  on a l l  of the  
da t a  t r a c k s .  ) 
I n  o r d e r  t o  a n a l y z e  the e f f e c t s  of t a p e  speed com- 
p e n s a t i o n  and the e f f e c t s  o f  the t a p e  r e c o r d e r s ,  each  t a p e  
w a s  r ep layed  b o t h  w i t h  and wi thou t  t a p e  speed compensat ion.  
Tape speed compensation w a s  accomplished by u s i n g  a 100 KC 
r e f e r e n c e  d i s c r i m i n a t o r  and the s t a n d a r d  compensat ion ad -  
j u s t m e n t s .  When no compensation w a s  be ing  used t h i s  
r e f e r e n c e  d i s c r i m i n a t o r  w a s  comple te ly  d i s c o n n e c t e d  s o  as 
t o  avoid  any bias which i t  might i n t r o d u c e .  
Each t i m e  a sample o f  d a t a  w a s  b e i n g  t a k e n  t h e  
p r i n t e r  w a s  a l lowed t o  p r i n t  f o r  approx ima te ly  f i v e  seconds .  
S i n c e  the p r i n t i n g  r a t e  w a s  about f o u r  words p e r  second 4 , 
approx ima te ly  20 d a t a  words were p r i n t e d  on the  p a p e r .  From 
t h i s  d a t a  a sample of 1 0  c o n s e c u t i v e  words were chosen nea r  
the middle  of the p r i n t o u t .  It w a s  f e l t  that  t h i s  w a s  the  
b e s t  way t o  o b t a i n  a r e p r e s e n t a t i v e  sample.  
I n  per forming  t h i s  experiment  c o n s i d e r a b l e  c a r e  
w a s  t a k e n  t o  i n s u r e  tha t  t h e  r ange  of t he  da ta  g e n e r a t e d  was 
k e p t  as c o n s t a n t  as p o s s i b l e .  This normal ly  r e q u i r e d  an a d -  
j u s tmen t  of  t h e  p o t e n t i o m e t e r  on t h e  d i g i t i z e r  and/or  r e -  
s e t t i n g  t h e  r e s p o n s e s  of  t h e  s u b c a r r i e r  o s c i l l a t o r s  p r i o r  t o  
e a c h  d a t a  run .  The r e s e a r c h e r s  f e l t  u n l e s s  a c o n s t a n t  range  
was main ta ined  i t  would be d i f f i c u l t  t o  make v a l i d  comparisons.  
4The p r i n t e r  a v a i l a b l e  a t  t h e  t ime t h e  experiment  
was r u n  w a s  a s m a l l  one-channel p r i n t e r .  
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B. THE EXPERIMENTAL DATA 
The d a t a  gene ra t ed  i n  t h i s  experiment  was  sum- 
marized by t h e  means and v a r i a n c e s  of  the samples .  Each 
sample c o n s i s t e d  of 10  i n d i v i d u a l  o b s e r v a t i o n s .  A l l  of  t h e  
subsequent  a n a l y s e s  were performed by t h e  a p p r o p r i a t e  manip- 
u l a t i o n  of t h e s e  means and v a r i a n c e s .  
A l a r g e  amount of d a t a  was gene ra t ed  i n  t h i s  e x p e r i -  
Th i s  system of coding  i s  shown i n  F i g u r e  6. 
ment a n d  i n  o r d e r  t o  i d e n t i f y  the  da t a  a shor thand  system Of 
coding w a s  u sed .  
A s  can b e  seen  t h e  coding system i s  s imply  a shor thand  r e p -  
r e s e n t a t i o n  of  the  p a t h  fo l lowed by the e l e c t r i c a l  s i g n a l .  
For i n s t a n c e ,  SBR2WOCP i d e n t i f i e s  t h e  s i g n a l  th rough sub- 
c a r r i e r  o s c i l l a t o r  s e t  B ( S B ) ,  t a p e  r e c o r d e r  2 ( R 2 ) ,  r e p r o -  
duced without  compensation (WOC), and t h e n  i n t o  t h e  d i g i t i z e r  
and p r i n t e r  ( P ) .  
A s  s t a t e d  p r e v i o u s l y  the r ange  of t h e  expe r imen ta l  
da t a  was k e p t  as c o n s t a n t  as p o s s i b l e  s o  t h a t  v a l i d  compari-  
sons might be made. Table  11 i s  a summary of t h e  r a n g e s  
computed from t h e  expe r imen ta l  d a t a .  The r anges  a r e  o n l y  
l i s t e d  for S C O  s e t  A and t h e  f r e q u e n c y  s t a n d a r d .  The r e a d e r  
should observe  t h e  s t a b i l i t y  of the  range .  The average  
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C .  ANALYSIS OF THE DATA 
1.. Test of Means. The analysis of any data is con- 
tingent upon the information required. The requirements of 
this experiment are listed in Section I-D-2 of this report. 
The analysis of variance technique was used to test the 
hypothesis of equality of means as listed in the require- 
ments ofthe experiment. The analyses of the means for 
this experiment were performed by considering two mathe- 
matical models. 
a. MODEL I. The first mathematical model considered 
was, 
- + ti + O j  + Iij + eijk 'i jk 
where, 
= the response in digitized units 'i jk 
cL = an overall mean 
= a recorder (row) effect, (i = 1 , 2 ,  ..., r) ti 
= a channel (column) effect, ( j  = 1,2, ..., c) 9 
= a recorder-channel interaction effect Iij 
e. = a random experimental error which is 
1 j l i  
normally distributed with zero mean and 
standard deviation a ' ,  ( k  = 1,2,..., g ) ,  
i.e. NID ( 0 , 0 ' 2 )  
In order for an analysis of variance to be valid a'' 
must be homogeneous over all classifications. A Bartlett's 
test of homogeneity of variances was used to test this 
assumption. It was found that the variances were not 
homogeneous across channels. An example o f  one of the 
Bartlett's tests is shown in Table12 and a summary of all 
the Bartlett's tests is presented in Table 13 . 
Since the primary objection to Model I was that 
channels were considered as a main classification it was 
decided that the analyses of variance should be performed 
independently for each channel. This was the basis for 
Model 11. 
TABLE 12 
AN EXAMPLE OF BARTLETT’S TEST FOR THE FREQUENCY STANDARD 
Data Was Reproduced Without compensation on Recorder 1. 
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2, ni = 17(9) = 153 = n 
L M = 2.3026 [ n  Log ( 2  nisi  / n )  - 2 ni Log s i2]  
g = 17 - 
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1 1 1 1 
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M/C VALUES FOR THE B A R T L E T T ' S  TESTS 
OF HOMOGENEITY OF V A R I A N C E S  RUN ON 
THE FREQUENCY STANDARD AND S U B C A R R I E R  O S C I L L A T O R  A 
2 - 3 32.09) 'TOl, 16 ( C r i t i c a l  V a l u e s  a r e  Y T ~ ~ , ~ ~  = 26.30, 
Cod e 
I d e n t i f i c a t i o n  
F R l W C P  
F R l W O C P  
FR2WCP 
FR2WOCP 



















































b. MCDEL; 11. The second mathematical model considered 
was, 
- 
+ eijk f ti + ej + Iij 'ijk - 
where , I 
= the response in digitized units 'i jk 
c1 = an overall mean 
= a recorder (row) effect, (i=1,2, ..., r) ti 
= a compensation (column) effect, (j=l,z,...,c) 
e j  
1 = a recorder-compensation interaction effect ij 
= a random experimental error assumed * NID(o,B'~). i jk e 
In this model it is not necessary that the error 
variances be homogeneous across channels because each 
channel is considered separately. However, when Bartlett's 
tests were performed on the data in the classification of 
Model I1 these tests indicated non-homogeneity of var- 
iances for most cases, but the departure from homogeneity 
was not as extreme as in Model I. Most statisticians 
agree that the requirement of homogeneous variances is not 
t o o  restrictive for an analysis of variance. This means 
that if this assumption is not met the consequences are 
not serious in most cases.5 
the risk of the first type ( a ) is altered. It will be 
seen later that even large deviations in a will not affect 
the conclusions of the significance tests for most of the 
If this assumption is not met 
For a discussion of this point, see reference 
(Schef'fe, PP. 351-359). 
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analyses of variance arrayed in Model 11. For this reason, 
it was decided that Model I1 was the best model to test 
the assumption of equal means for the experimental data. 
An example set of data for Model I1 is given in 
Table 14 and the analysis of variance calculations are 
summarized, complete with variance estimates, for the ex- 
ample data in Table 15. It can be seen that the critical 
161.00. The .os = F value for the main effects is F 
computed F ratio was normally very much smaller than this. 
For the interaction term the critical F value is 
= 4.14. The computed F ratio sometimes exceeded this F. 05 
figure but, in general, it was less. Thus, a moderate 
change in the critical F value would not greatly affect 
the results of the analyses of variance. 
The analysis of variance of the data was perform- 
ed in the manner described and illustrated in Technical 
Report No. 2. The only difference in the computations was 
that the number of rows and columns and the group size 
were different. A l s o ,  the data of Technical Report No. 2 
were summarized as means and standard deviations ( a )  
whereas the data of this experiment were summarized as 
means and variances ( 0  ) .  2 
A summary of the results of the tests of signifi- 
cance using the analysis of variance and Model I1 is 
presented in TableA-lof Appendix A for the frequency 
standard and Table A-2 of the same appendix for SCO set A. 
A l l  significance tests f o r  these analyses of variance 
were performed at the a = 0.05 level of significance. A 
composite summary of the results of the significance tests 
of Tables A - 1  and A-2  is given in Table 16 . A summary 
of the estimates of the components of variance is pre- 
sented in Table A - 3  of Appendix A for the frequency 





X i I Recorder 1 
AN EXAMPLE SET OF DATA 
FOR ANALYSIS OF VARIANCE USING MODEL I1 
Data Was Generated by 





02 0.56 1.61 
- 
X 27.00 29.90 
I I I 36.29 I 02 0.00 I 
Mean Variance Source of Sum of  
V a r i a t i o n  Squares  d . f .  Square  R a t i o  
Recorder - s: 0.40 s,/s3 0.02 
Main E f f e c t  0.40 1 
Main E f f e c t  22.50 1 
Recorder-Comp s; 19.60 s:/s: 1.84 
2 2  
2 2  Comp ens a t  ion-  S$ 22.50 S2/S3 1.15 
I n t e r a c t i o n  19.60 1 
Experimental  S2 10.68 E r r o r  384.60 36 e 
TOTAL 4-27-10 39 
TABLE 15 





G2 = 0.89 I G2 = 0.14 8 G2 = 0.00 t G2 = 10.68 
A2 
= 11 .71  (Response)  0 
A 
U (Response)  ( ~ O O ) / R A N G E  = 0.35% 
TABLE 16 






OF TKE SIGNIFICANCE TESTS FOR MODEL I1 
All Tests Performed at a = 0.05 
Number of Number of Total 
Non-Significant Significant Number of 
Ratios Ratios Ratios 
164 6 17 0 
164 6 170 
135 35 170 
In general, the analyses of variance summarized in 
Tsble 16 indicate that the two main effects and the inter- 
action effect are non-significant. The average or main 
effect of the two recorders is not generally significant. 
The average or main effects of recording with compensation 
is not generally significantly different from the main 
effects of recording without compensation. The recorder- 
compensation interaction effect is not generally signifi- 
cant. 
2. Tests of Variance. The analysis of variance 
is a method of testing f o r  significant difference of means. 
It is desirable that telemetry equipment yield the same 
mean response f o r  a given input. However, it is more im- 
portant to determine some measure of the noise, i.e., varia- 
bility, associated with the mean value of the response. 
Thus, the question becomes, "Does tape speed compensation 
significantly affect the variance of data in the data reduc- 
tion stage of a telemetry system?" 
! 
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The q u e s t i o n  posed above was i n v e s t i g a t e d  by com- 
p u t i n g  a s e r i e s  of i n d i v i d u a l  v a r i a n c e  r a t i o s .  Each v a r i -  
ande r a t i o ,  oWOC /a2 wc, i s  a r a t i o  of  t h e  v a r i a n c e  computed 
2 f o r  t h e  d a t a  wi thout  compesnation, oWOC, t o  the v a r i a n c e  
computed for the d a t a  w i t h  compensation, 
of t h e  v a r i a n c e  r a t i o s  which were performed a r e  p r e s e n t e d  
i n  Tables  A - 5  th rough A - 8  of Appendix A .  
t e s t s  o f  s i g n i f i c a n c e  i s  p r e s e n t e d  i n  Table  1 7 .  For  t h e  
i n d i c a t i o n  o f  s i g n i f i c a n t  r a t i o s  the symbol ( 2 : )  d e n o t e s  
owc. The r e s u l t s  
A summary of  t h e  
t h a t  the  v a r i a n c e  r a t i o  was s i g n i f i c a n t l y  l a r g e  (owoc 2 >  
) and  the symbol ( + )  deno tes  t h a t  t h e  v a r i a n c e  r a t i o  w a s  2 
2 2 OWC s i g n i f i c a n t l y  small  (owoc < owe). 
symbols appea r s  a f t e r  a v a r i a n c e  r a t i o  t h e n  the  two v a r i -  
ances  i n  t h a t  p a r t i c u l a r  r a t i o  a r e  n o t  s i g n i f i c a n t l y  d i f -  
f e r e n t .  A l l  t e s t s  were performed a t  t h e  a = 0.05 l e v e l  of 
s i g n i f i c a n c e .  
If n e i t h e r  of t h e s e  
I t  can be seen  from Table 17  that  o n l y  seven  t imes  
i n  a t o t a l  o f  340 t e s t s  t h e  d a t a  reproduced wi th  compensa- 
t i o n  was more v a r i a b l e  t h a n  the  da ta  reproduced wi thou t  com- 
pensa t ion .  Conversely,  i n  182 of  t h e  340 t e s t s  t h e  d a t a  
reproduced wi thou t  compensation w a s  more v a r i a b l e  t h a n  t h e  
d a t a  reproduced w i t h  compensation. I n  151 c a s e s  t e s t e d  
t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  i n  the two v a r i a n c e s .  
Thus, i t  i s  l o g i c a l  t o  conclude tha t  t a p e  speed Compensation 
o f t e n  h e l p s  t o  r educe  v a r i a b i l i t y  i n  t h e  r e c o r d i n g  p r o c e s s .  
Even i n  t h o s e  c a s e s  where v a r i a b i l i t y  i s  n o t  reduced n e i t h e r  
i s  i t  u s u a l l y  i n c r e a s e d .  T h e r e f o r e ,  i t  a p p e a r s  advantageous 
t o  always employ compensation when r ep roduc ing  d a t a  from 
t ape  r e c o r d e r s  o f  t h i s  t y p e .  
It  i s  a l s o  of i n t e r e s t  t o  de t e rmine  i f  one r e c o r d e r  
i n t r o d u c e s  more n o i s e  than  t h e  o t h e r  r e c o r d e r .  A s  i n  t h e  
prev ious  a n a l y s i s  t h i s  q u e s t i o n  was approached by a s e r i e s  




SUMMARY OF SIGNIFICANCE 
O F  VARIANCE RATIOS COMPILED I N  TABLES A - 5  THROUGH A - 8  
(The Connotat ion o f  t h e  Symbols of S i g n i f i c a n c e  
A r e  as Defined i n  Text,  p .  58 ) 
S t  and ard  
O s c i l l a t o r  A 
i s  a r a t i o  of t h e  v a r i a n c e  f o r  t h e  d a t a  f rom Recorder  2 ,  
02, t o  t h e  v a r i a n c e  f o r  t h e  d a t a  f rom Recorder  1. ol. 
r e s u l t s  of t h e s e  v a r i a n c e  r a t i o  t e s t s  a r e  p re sen ted  i n  
Tab les  A-9 through A-12 of Appendix A .  For  t h e  i n d i c a t i o n  
o f  s i g n i f i c a n t  r a t i o s  t h e  symbol ( 2 : )  deno tes  t h a t  t h e  v a r i -  
ance r a t i o  was s i g n i f i c a n t l y  l a r g e  (02 > ol) and t h e  symbol 
(+ )  d e n o t e s  tha t  the v a r i a n c e  r a t i o  w a s  s i g n i f i c a n t l y  s m a l l  
2 2 
(02 -= ol). 
v a r i a n c e  r a t i o  then  t h e  two v a r i a n c e s  i n  t h a t  p a r t i c u l a r  
r a t i o  a r e  no t  s i g n i f i c a n t l y  d i f f e r e n t .  A l l  t e s t s  were p e r -  
formed a t  t h e  u = 0.05 l e v e l  of s i g n i f i c a n c e .  A summary of  
t h e  tes ts  of s i g n i f i c a n c e  i s  presented  i n  Table  18. 
The 2 
2 2 
If n e i t h e r  of t h e s e  symbols appea r s  a f t e r  a 
From Table  18 i t  can be seen t h a t  Recorder  1 r a r e l y  
had a s i g n i f i c a n t l y  l a r g e r  va r i ance  than  Recorder  2 ( o n l y  
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5 of 340 t e s t s ) .  
had a s i g n i f i c a n t l y  l a r g e r  v a r i a n c e  than  Recorder  1. I n  
195 t e s t s  t h e  two v a r i a n c e s  were n o t  s i g n i f i c a n t l y  d i f f e r -  
e n t .  Thus, t h e r e  i s  s t a t i s t i c a l  e v i d e n c e t h a t  Recorder  2 
i n t r o d u c e s  more v a r i a b i l i t y  i n t o  the d a t a  r e d u c t i o n  system 
than  does Recorder 1. 
However, i n  140 of 340 t e s t s  Recorder  2 
S i g n i f i c a n c e  
Y. + None 
Frequency With 22 3 60 
Compensation 
' 
Standard Without 54 0 31 
O s c i l l a t o r  A Without 42 0 43 
TOTAL - 140 5 195 
Sub c a r r  i e r  With 22 2 61 
TABLE 18 
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SUMMARY OF SIGNIFICANCE 
OF VARIANCE RATIOS COMPILED I N  TABLES A-9 THROUGH A-12 
(The Connotat ion of  t h e  Symbols of S i g n i f i c a n c e  
A r e  a s  Defined i n  Text ,  p .  59 ) 
I 1 
I n  t h e  a n a l y s e s  of  t h e  two t a p e  r e c o r d e r s  i t  should 
be poin ted  o u t  tha t  t h e  e f f e c t  o f  any d i f f e r e n c e s  i n  magnet ic  
+,apes were confounded w i t h i n  the e f f e c t  of t h e  t a p e  r e c o r d e r s .  
The v a r i a b i l i t y  i n  q u e s t i o n  i s  t h e  e f f e c t ,  t h e n ,  o f  no t  o n l y  
t h e  tape r e c o r d e r ,  b u t  a l s o  of t h e  p a r t i c u l a r  t a p e  used on 
t h e  r e c o r d e r .  I t  was assumed that t h e r e  were no s i g n i f i c a n t  
d i f f e r e n c e s  between v a r i o u s  magnet ic  t a p e s .  I t  i s  recommended 
t h a t  t h i s  assumption be  s t a t i s t i c a l l y  t e s t e d  i n  some f u t u r e  
experiment(  s ) .  
60 
SECTION I V  
ISOLATION OF SYSTEM ERRORS 
A .  INTRODUCTION 
1. Re r . od -uc ib i l i t - -  y .  \.%en r e p e a t e d  measurement.s 
e x h i b i t  e r r a t i c  p a t t e r n s  of v a r i a t i o n ,  t h e  method of 
measurement used i s  no t  r e p r o d u c i b l e .  It h a s  a l r e a d y  been 
shown t h a t  t h e  r e s i d u a l  e r r o r s  a c r o s s  a l l  channe l s  and 
i n p u t  l e v e l s  i n d i c a t e d  a non-homogeneity of v a r i a n c e s ,  t h e r e -  
f o r e ,  any poo l ing  of v a r i a n c e  e s t i m a t e s  a c r o s s  channe l s  i s  
n o t  s t r i c t l y  v a l i d  s i n c e  t h e s e  measurements were n o t  r e p r o -  
d u c i b l e  i n  that c l a s s i f i c a t i o n .  I n  o r d e r  t o  make a system 
o f  measurement r e p r o d u c i b l e ,  e f f o r t s  shou ld  be made t o  f i n d  
and e l i m i n a t e  a s s i g n a b l e  causes  for d a t a  which are n o t  i n  
s t a t i s t i c a l  c o n t r o l .  S t a t i s t i c a l  c o n t r o l  i s  bes t  examined 
by means of Shewart c o n t r o l  c h a r t s .  
2. Theory of Cont ro l  Charts. One of t h e  pr imary - 
u s e s  of c o n t r o l  c h a r t s  i s  t o  determine whether  s t a t i s t i c a l  
c o n t r o l  has been maintained wi th in  a system. S t a t i s t i c a l  
c o n t r o l  i s  determined by t h e  n a t u r e  of t h e  many e f f e c t s  which 
cause  v a r i a t i o n  i n  t h e  r e s u l t  on an expe r imen ta l  i n v e s t i g a t i o n .  
Knowledge of  t h e  behavior  o f  chance v a r i a t i o n s  i s  
t h e  founda t ion  on which c o n t r o l  c h a r t s  a n a l y s i s  r e s t s .  These 
chance v a r i a t i o n s  a r e  the sum of many complex, p r o b a b i l i s -  
t i c  causes .  The e f f e c t  of each of t h e s e  causes  i s  u s u a l l y  
s l ight  and no major  p a r t  o f  the t o t a l  v a r i a t i o n  can  be 
t r a c e d  t o  a s i n g l e  cause .  Conversely,  a s s i g n a b l e  causes  may- 
be  thought  o f  as d e t e r m i n i s t i c  i n  n a t u r e .  These a r e  normally 
r e l a t i v e l y  l a r g e  v a r i a t i o n s  t h a t  a r e  a t t r i b u t a b l e  t o  
s p e c i a l  causes .  An a s s i g n a b l e  cause  m i & t  be a s i g n i f i c a n t  
d i f f e r e n c e  i n  i n s t r u m e n t s ,  i n  workers ,  o r  i n  t h e i r  
relationships to one another. 
If a group of data is studied and it is found 
that their variation conforms to a statistical pattern 
that might reasonably be produced by chance causes, then 
it is assumed that no special assignable causes are 
present. The conditions which produced this variation are 
s s i d  to b e  ?'.i,.ithifi c=r;trol" . O n  the other hand if the 
variations in the data do not conform to a pattern that 
might reasonably be produced by chance causes, then it is 
concluded that one or more assignable causes are at work. 
In this case the conditions producing the variation are 
said to be "out of control". 
In control chart theory it is assumed that the 
chance variations, being ordered in time or in some other 
manner, will behave in a random manner and will form a 
normal distribution. The control limits are usually 
determined so that if chance causes alone are at work the 
probability that a point will fall above the upper limit 
is 0.001, and the probability that a point will fall below 
the lower limit is 0.001. If the system of chance causes 
produces a variation that follows the normal curve, the 
0.001 probability limits are practically equivalent to 3 0  
limits. For a normal distribution the probability that a 
deviation from the mean will exceed 30 is 0.0027 consider- 
ing both positive and negative deviations. For normal 
variation, therefore, 30 limits are the practical equiva- 
lent of 0.001 probability limits since these yield a 
probability of 0.002 that a deviation will be "detected". 
3. Control Charts For VARIANCES. In order to 
construct a control chart we must compute a center line, 
an upper control limit (UCL) and a lower control limit 
(LCL). The center line for a control chart is the expect- 
ed value of the statistic being plotted. For  a a2 control 
chart the center line is given by, 
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2 E ( a  ) = a2 
2 2 o r  E ( a  ) = a' (n-l)/n 
~ 
where, 
E = t h e  expected va lue  o p e r a t o r  
-2 a = t h e  average  sample va r i ance  
at2 = t h e  cr?iverse va r i ance .  
I n  o r d e r  t o  determine the c o n t r o l  l i m i t s  we must 
know t h e  s t anda rd  d e v i a t i o n  o f  t h e  d i s t r i b u t i o n  of sample 
v a r i a n c e s .  When t h e  d i s t r i b u t i o n  o f  i n d i v i d u a l  v a l u e s  i s  
normal ly  d i s t r i b u t e d  t h e  s tandard  d e v i a t i o n  of t h e  d i s t r i -  
b u t i o n  of  sample v a r i a n c e s ,  a i s  approximate ly  
a2 ' 
v" 2 = at2 /n. 
a 
The c o n t r o l  l i m i t s  f o r  a a2 c o n t r o l  chart are t h e n  geven by 
2 2 ~ ( a  ) + 20 = o f  ( n - l ) / n  - + 3at2 d m  /n 
(3 
t 
The expected v a l u e  of t h e  sample v a r i a n c e  i s  equal  t o  t h e  
ave rage  sample v a r i a n c e ,  i. e . ,  E ( o  ) = a . For a 
sample s i z e  of n = 10, t h e  l i m i t s  then  become, 
2 -2 
UCL = 2.414 a2 LCL = 0 
4. Method of Analysis. The following section 
of this report will be concerned with the isolation of the 
error of some of the component subsystems of the FM/FM 
telemetry system. 
these errors can best be explained by means of an example. 
The methodology for the isolation of 
' 
As an illustration, let us consider how one 
might i s o l e t e  the reductiOn in tetal system variability 
which is accomplished when tape speed compensation is 
used. The path followed by the electrical signal when the 
magnetic tape of the frequency standard data is reproduced 
on Recorder 1 without compensation (FRlWOCP) is represent- 
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FIGURE 7. BLOCK DIAGRAM OF THE SYSTEM WHEN DATA OF THE 
FREQUENCY STANDARD IS REPRODUCED ON RECORDER 
1 WITHOUT COMPENSATION. 
>Digitizer > Printer 
< 
The system of Figure 7 will produce data 
which has a variance caused by several system components. 
Let us denote the total variance of the data from this 
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R1 U = the  v a r i a n c e  in t roduced  by Recorder  1, the magnet ic  t a p e  and a s s o c i a t e d  r e c o r d i n g  
c i r c u i t r y  
= t h e  v a r i a n c e  which would be reduced by t h e  2 
WOC 
G 
i n t r o d u c t i o n  of t h e  compensation network 
= t h e  v a r i a n c e  in t roduced  by t h e  d i s c r i m i n a t o r s ,  
the  d i g i t i z e r ,  the p r i n t e r ,  and a s s o c i a t e d  








R 1  d 
It can  b e  seen  that  o2 and CT can ,  i n  t u r n ,  be 
c o n s i d e r e d  as c o n t a i n i n g  more t h a n  one component. However, 
i n  t h i s  experiment  these v a r i a n c e s  cannot  be f u r t h e r  
s e p a r a t e d .  I t  has been assumed throughout  t h e  r e p o r t  that  
the f r equency  g e n e r a t o r  i s  a " p r e c i s e "  s i m u l a t o r  of t h e  
v o l t a g e  i n p u t s  and t h u s  no component of  v a r i a n c e  i s  i n t r o -  
duced by t h i s  p i e c e  of  equipment. The t e r m  o2 c o n s i s t s  
of many components - o p e r a t o r  d i f f e r e n c e s ,  " d r i f t "  i n  t h e  
e l e c t r i c a l  hardware,  random errors, e t c .  
e 
Next, c o n s i d e r  the p a t h  fo l lowed by the 
e l e c t r i c a l  s i g n a l  when t h e  magnet ic  t a p e  of t h e  f r equency  
s t a n d a r d  d a t a  i s  reproduced on Recorder  1 w i t h  compensation 
(FRlWCP). 
F i g u r e  8 . 
This may be v i s u a l i z e d  by t h e  b lock  d iagram of 
Fr e qu enc y Recorder 1 Discriminators-D 
Standard - (Compensation)- 
Printer ? 
igitizer 
FIGURE 8. BLOCK DIAGRAM OF THE SYSTEM WHEN DATA OF THE 
FREQUENCY STANDARD IS REPRODUCED ON RECORDER 
1 WITH COMPENSATION. 
. 
Let us denote the variance of the data from the 
. One way of 2 systam presented in Figure 8 as 0 
FRlWCP 
stating the components of this variance is 
i 
2 2 
FRlWCP R1 wc d o 
where, 
2 2 2 
R1 
U , od, and oe are as previously defined, and 
= the variance introduced by the compensation 2 wc 0 network. 
In order to determine the improvement in 
variability which is accomplished by tape speed compensa- 
tion we may proceed as follows: 
2 - 2 + o2 + Oe) 2 - 
FRlWCP - (OR1 + ‘WOC d 2 - 0  FRlWOCP 0 
2 2 2 2 
WOC - OWC + ad + 0 ) = O 
2 2 
(OR1 + ‘WC e 
2 - OWc represents an increase in system error The term owoc 
which is caused by not using tape speed compensation in 
the reproduction of magnetic recording tape. 
2 
L 
wc C' - 0  = 0  
L We will let aWOC 
In order that the subtraction of the two 
2 
FRlWCP' variances, i.e. omlwocp 
each variance must be in statistical control. To deter- 
mine statistical control we will use the cs2 control chart 
which was discussed in Section IV - A-3. To illustrate 
the process we will use the actual experimental data to 
determine a reproducible measure of aWOC 
be strictly valid - 0  2 
2 2 
- owe' 
The variances of the FRlWOCP data are presented 
in Table 19 . The control chart computations for this 
data are presented in Table 2 0 .  The average of the 85 
variances of Table 19 is z2 = 12.10 giving control limits 
of UCL = 29.21 and LCL = 0.00. Five variances are out- 
side of  these limits and were removed as being out of 
control. 
-2 is 0 
and LCL = 0.00. The data are then examined and three 
variances are seen to be out of control, i.e. greater than 
the UCL. The removal of out of  control variances is con- 
tinued until only 75 of the original 85 variances were 
retained. These variances are now in statistical control. 
A revised average for the 80 remaining variances 
= 10.08 and the revised control limits are UCL = 24.34 
-2 The final revised average variance is oFRIWOCP = 9.02. 
The control chart analysis is also performed 
upon the variances of the FRlWCP data. The data are pre- 
sented in Table 2 1  and the control chart computations 
are summarized in Table 2 2 .  It can be seen from 
Table 22 that 46 of the original 85 variances are not 
in statistical control and are subsequently discarded. 
This indicates that the telemetry system for this experi- 
mental condition was considerably beyond the limits of 
reproducibility. The final revised average sample var- 
iance is 0' = 0.82. This indicates that if the 
system could be made reproducible the sample variance would 






















THE VARIANCES OF THE FRlWOCP DATA 
INPUT LEVEL ( V O L T S )  
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CONTROL CHART COMPUTATIONS FOR THE DATA OF T A a E  19 
N -2 0 UCL = 2.414 a2 LCL = 0.00 o2 -- 




80 10.08 24.34 
76 9.19 22.19 0.00 
75 9.02 21.77 0.00 

































TABLE 21  


















INPUT LEVEL (VOLTS) 
1.25 2.50 3.75 
0.25 0.24 0.24 
0.09 0.24 0.16 
i:76 i.G9 2.3" 
16.80 16.41 8.96 








1.20 3.49 7.21 
4.65 4.96 6-44 
15.49 4.36 5.16 
5.24 5.24 6.49 
14-65 4.20 5.65 
4.40 5.41 4-41 
0.09 0.21 1.24 
22*ok 





























































expe r imen ta l  c o n d i t i o n s  ( F R l W C P )  u s i n g  a sample s i z e  of 10  
and an  average  r ange  of 971.4. 
The n e t  improvement r e s u l t i n g  from u s i n g  t a p e  
speed compensation i s  de te rmined  as t h e  d i f f e r e n c e  between 
t h e  t w o  v a r i a n c e s  (which  a r e  now w i t h i n  s t a t i s t i c a l  c o n t r o l ) :  
;2 - -? -7 - 0- = 9.02 - 0.82 = 8.20. C - ‘FR~WOCP F R l W C P  
2 
To o b t a i n  an  unbiased  v a r i a n c e  e s t i m a t e ,  Sc, w e  c o r r e c t  f o r  
7 




t h e  sample size’. 
= I/- = 3.02 
sC 
The e r r o r  expressed  as a p e r c e n t  of  t h e  ave rage  r ange  i s :  
100 Sc/B = 100(3.02)/971.4 = 0.311% 
where, 
- 
R = the  ave rage  r ange  of a l l  t he  e x p e r i m e n t a l  
d a t a  from the f r equency  s t a n d a r d  and S C O  
s e t  A .  
‘In t h i s  and subsequent  c a l c u l a t i o n s  t h e  symbol S 





ERRORS OF SYSTEM COMPONENTS 
1. Errors of the Discriminators, Digitizer, 
9 
BXscriminators >Digitizer, )Printer 
L 
PrAnter, and Associated Circuitry. The real time data for 
the frequency standard (FP) may be used to estimate the 
precision of that part of the telemetry system which in- 
cludes the discriminators, the digitizer, the printer, and 
the associated circuitry between tile i'requency s t a i i d a ~ 2  
and the printer. This can be visualized by considering 
the block diagram of Figure 9 . 
FIGURE 9 .  BLOCK DIAGRAM OF SYSTEM COMPONENTS FOR THE 
REAL TIME DATA OF THE FREQUENCY STANDARD 
The frequency standard was used to simulate the 
output of a package and a set of SCO's. The frequencies 
were varied in percent of full scale as follows: o%, 
25%, SO%, 75%, and 100%. 
DC voltage inputs to the package of 0.00, 1.25, 2.50, 3.75, 
and 5.00 volts, respectively. Thus, circumventing the 
package and SCO's and associated circuitry, we can directly 
analyze the noise contributed by that part of the system 
beyond the package. 
the digitizer, the printer, and associated circuitry. This 
analysis is valid, of course, only if the frequency standard 
is assumed to be errorless. This assumption was made based 
upon the hypothesis that it was a "good" standard. 
These frequency levels simulated 
This consists of the discriminators, 
In order to obtain a measure of the error of that 
part of the system described above an average variance was 
taken over all input levels and all channels. 
71 
This resulted in averaging 85 sample variances to obt’ain: 
where, 
9 
-L = the variance of the FP data averaged over all 
input levels and all channels. ‘d 
An unbiased sample standard deviation, Sd, is obtained by 
correcting for the sample size . 2 
10 
S: = (0.212) = 0.236 
‘d = I/- = 0.486 
Expressed as a percent of full scale the e r r o r  contributed 
by this portion of the system (assuming reproducibility) 
may be expressed as: 
A s  was previously explained the foregoing calcu- 
lations were made based upon the assumption that the system 
was sub- is reproducible. The variance estimate, ad ,  
sequently checked to test the hypothesis of reproducibility. 
This variance was not in statistical control and a control 
chart analysis of the type illustrated in Section IV-A-4 
was performed. The 85 variances are listed in Table A-13of 
the Appendix and the control chart analysis is summarized 
in TableA-&of the Appendix. As a result of the control 
chart analysis, 13 of the original 85 varianceswere discard- 
ed as  non-homogeneous. 
-2 
‘Ibid. pg. 70 
72 
The f i n a l  e s t i m a t e  of the system e r r o r  which would 
be ob ta ined  as a r e s u l t  of a r e p r o d u c i b l e  system i s  computed 
a s  fo l lows :  
It  can be seen  t h a t  a n e t  r e d u c t i o n  of e r r o r  o f  0.050% - 
0.041% = 0.009% may be ob ta ined  by s t a b i l i z i n g  the system 
s o  t h a t  i t  i s  w i t h i n  s t a t i s t i c a l  c o n t r o l .  T h i s  i s  done by 
f i n d i n g  a s s i g n a b l e  causes  f o r  d a t a  which are o u t  o f  c o n t r o l  
and a d j u s t i n g  the system accord ing ly .  
It should be poin ted  o u t  that t h e  e r r o r  computed 
It c o n t a i n s  n o t  on ly  i n  this s e c t i o n  i s  no t  a pure e r r o r .  
e r r o r s  produced by t h e  system components b u t  also e r r o r s  
i n t roduced  by t h e  o p e r a t o r s  and  o t h e r  s m a l l  e r r o r s  which 
combine t o  form an exper imenta l  e r r o r .  These expe r imen ta l  
e r r o r s  a r e  confounded i n  a complex and i n e x t r i c a b l e  manner, 
t h e r e f o r e ,  no a t t empt  w i l l  b e  made t o  i s o l a t e  them. Grea t  
c a r e  was t aken  t o  a t t e m p t  t o  minimize t h e  expe r imen ta l  
e r r o r  of  this experiment and i t  i s  f e l t  tha t  the  e r r o r s  
i n c u r r e d  i n  t h e  d a t a  a r e  p r i m a r i l y  system component e r r o r s .  
I n  the f o l l o w i n g  s e c t i o n s  the  expe r imen ta l  e r r o r  i s  no t  i n -  
c luded i n  any e s t i m a t e s  of e r r o r  s i n c e  i t  i s  s u b t r a c t e d  i n  
t h e  manner i l l u s t r a t e d  by t h e  example of  S e c t i o n  I V - A - 4 .  
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2. Error Associated with the Package, SCO's, and 
Associated Circuitry. The real time data for SCO set A 
(SAP) yields a variance which contains an error contributed 
by the package and SCO's plus the error which was isolated 
in the previous section. This is illustrated by the block 
diagram of Figure 10 . 
Package 
Voltage 
Standard sco ' s 
D i s c r i mi na t or s _j Digitizer4 Printer 
i b I 
FIGURE 10. BLOCK DIAGRAM OF THE SYSTEM COMPONENTS 
FOR THE SAP DATA 
9 
If we subtract the variance obtained from the 
2 previous section, Sd, from the variance obtained from the 
sys tem above, 
contributed by the package-SCO unit. In the process, the 
experimental error will be eliminated since it is common to 
both variances. 
we may compute an estimate of the error 'SAP' 
.L 
The average variance for the SAP data is computed 
by averaging 
channels and 
-  -2 
SAP U 
the real time data for SCO set A over the 17 
the five input levels: 
In order to obtain an unbiased estimate we correct for the 
sample size: 
S2 = 10/9(0.665) = 0.739. SAP 
To estimate the desired variance, the appropriate sub- 
traction is performed: 
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where,  
-2 S = an unbiased e s t i m a t e  of t h e  v a r i a n c e  c o n t r i b u t e d  
by the package, t h e  S c o t s  and a s s o c i a t e d  c i r c u i t r y .  
Therefore ,  S 
(assuming r e p r o d u c i b i l i t y )  i s :  
= d-3 = 0.709 and the measure of  e r r o r  
P 
100 S /E = 100(0.709)/971.4 = 0.073%. 
P 
Again,  we u s e  t h e  c o n t r o l  c h a r t  approach for 
e s t a b l i s h i n g  s t a t i s t i c a l  c o n t r o l .  The c o n t r o l  c h a r t  compu- 
t a t i o n s  a r e  g iven  i n  Table  A - 1 6  of Appendix A. A f t e r  c o n t r o l  
h a s  been reached 2 5  of t h e  o r i g i n a l  85 v a r i a n c e s  have been 
d i s c a r d e d  and t h e  r e s u l t s  a r e :  
= 18.85/65 = 0.290 -2 SAP 0 
-' = 0.290(10/9)  = 0.322 'SAP 
-2 - Sd 2 = 0.322 - 0.156 = 0.166 s2 - P - 'SAP 
sP = I/-6 = 0.407. 
The amcunt of e r r o r  which could be  expected of a r e p r o d u c i b l e  
system i s  then:  
The n e t  improvement i n  t h e  e r r o r  which would r e s u l t  
i n  p l a c i n g  t h e  system w i t h i n  s t a t i s t i c a l  c o n t r o l  i s  then:  
75  
3. Error of the Recorder and Magnetic Tape. In 
order to determine the contribution of error due to the re- 
J 3 r 
Recorder 
Discriminators, >Digitizer 
(NO Comp. 1- 
corder and magnetic tape we may use the data which was 
reproduced from the recorders without tape speed compensa- 
tion. The variance of this data may be subtracted from 
the variance of the real time data to obtain the con- 
tribution of  total error due to the recorders and magnetic 
tape. This can be seen if we inspect Figure 11 below. 
)Printer 
t 
FIGURE 11. BLOCK DIAGRAM OF THE SYSTEM WHEN DATA IS 
REPRODUCED WITHOUT TAPE SPEED COMPENSATION 
* 
We will define the following variances: 
o2 = variance obtained from the system of  Figure 
S z  = an unbiased estimate of the universe variance 
11 . 
Y 
obtained from the system of Figure 11. 
2 SR = an unbiased estimate of the universe variance 
attributed to the recorder and magnetic tape 
There are four reels of tapes which supplied data 
for the particular system of Figure 11 . The tapes were 
produced by the two tape recorders and by the frequency 
standard and SCO set A .  To obtain an average variance we will 
pool the variances of all four tapes. The computations 
are (assuming statistical control): 
76 
S; = S2 - S: = 40.730 - 0.236 = 40.494 Y 
To obtain a measure of the noise which is re- - 
producible we employ the oL control chart technique. 
data and the control chart computations for Ti2 are pre- 
sented in Tables A-17 through A-24 of  Appendix A. The four 
variances are based upon different degrees of  freedom, thus 
to pool these variances we do not take a simple average. 




-2 -2 -2 -2 o o (5 = the average variances of the 
Y19 Y2' Y3' s4 four tapes pooled over all 
o 
channels and all input levels. 
nl' "2' n3' "4 = the sample size associated with 
and o2 respectively. 
Y4 o 
2 o  2 
yl' Y2' y3' 0 
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z2 = [75(9.02) + 66(&?.60) + 76(11.17) + 68(34.19)1 
Y 
/(75 + 66 + 76 + 68) = 6627.75/285 = 23.255 
2 
sR S2 Y - S z  = 25.839 - 0.156 = 25.683 
100 SR / = 100(5.068)/971.4 = 0.522%. 
The improvement i n  r e c o r d e r  e r r o r  which could 
be gained by making the  system r e p r o d u c i b l e  i s :  
0.655% - 0.522% = 0.133%. 
4. Reduct ion o f  Error Ass ignab le  t o  Conipensation. 
A s  i n  the  p r e v i o u s  s e c t i o n s  we can  employ a s u b t r a c t i v e  p ro -  
c e s s  t o  o b t a i n  a v a r i a n c e  which i n d i c a t e s  t h e  r e d u c t i o n  of  
e r r o r  which may be  accomplished by u s i n g  t a p e  speed compen- 
s a t i o n .  To o b t a i n  th i s  v a r i a n c e  w e  s imply  s u b t r a c t  t h e  
va r i ance  which i s  ob ta ined  from the  d a t a  when t a p e  speed 
compensation i s  used f rom t h e  v a r i a n c e  o b t a i n e d  when no 
compensation i s  used .  
t h e  d a t a  which f o l l o w  t h e  p a t h  i n d i c a t e d  by t h e  b lock  
diagram of  F igu re  12. 
The former  v a r i a n c e  i s  ob ta ined  from 
Recorder  
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We w i l l  d e f i n e  t h e  fo l lowing  v a r i a n c e s :  
o2 = v a r i a n c e  obta ined  f r o m  t h e  system of  F igu re  12. 
Z 
' = an unbiased  e s t i m a t e  of t h e  u n i v e r s e  v a r i a n c e  s z  ob ta ined  from t h e  system o f  F igu re  12.  
SE = improvement i n  the system v a r i a n c e  when t a p e  
speed compensation i s  employed. 
w e  w i l l  pool  the v a r i a n c e s  -2 oz, T O  g e t  an average  v a r i a n c e ,  
ob ta ined  from the two r e c o r d e r s  and from t h e  f requency  
s t a n d a r d  and S C O  s e t  A .  The computat ions a r e  (assuming 
s t a t i s t i c a l  c o n t r o l ) :  
= 11.525 
S z  = S2 - S', = 40.730 - 12.806 = 27.924 Y 
?9 
2 Again, we employ t h e  o c o n t r o l  c h a r t  t echnique  
t o  o b t a i n  a measure o f  n o i s e  which i s  r e p r o d u c i b l e .  The 
d a t a  and t h e  c o n t r o l  c h a r t  computat ions f o r  a r e  p r e -  
s en ted  i n  Tables  A-25 through A-32 o f  Appendix A.  The com- 
p u t a t i o n s  a r e  ( f o r  a system i n  s t a t i s t i c a l  c o n t r o l ) :  
) / ( n l  + n 2 + n3 + "4) 
-2 -2 
+ n $  + n o  + " 4 O Z 4  
52 - -2 
Z - ( " P z l  2 22 3 23 
where,  
-2 -2 -2 -2 = 
O Z 1 )  O22, O Z 3 '  a z 4  
nl, n2,  n3, n4 = t h e  
3 
t h e  average v a r i a n c e s  of t h e  
f o u r  t a p e s  pooled over  a l l  
channels  and a l l  i n p u t  l e v e l s .  
sample s i z e  a s s o c i a t e d  w i t h  
L oL ' and o 24 r e s p e c t i v e l y .  z l '  %2' Oz3' 
Z2 = [ 3 9 ( 0 . 8 2 )  + j j ( 1 . 0 8 )  + 84(1.83) + 4 6 ( 2 . 1 8 ) 1  
Z 
/ ( 3 9  + 33 + 84 + 46) = 321.62/202 = 1.592 
S C = I/- = 4.906 
The improvement i n  t h e  r e d u c t i o n  of e r r o r  by t h e  
u s e  of compensation which could be ga ined  by making the  
system rep roduc ib le  i s :  
O . ~ ~ $  - 0.505% = 0.039%. 
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SECTION V 
CONCLUSIONS AND RECOMMENDATIONS 
A .  SUMMARY AND CONCLUSIONS: LINEARITY EXPERIMENT. 
R e s u l t s  of  t h e  l i n e a r i t y  experiment  have r e v e a l e d  
t h a t  t h e  F'M/FM ( X O - 4 )  t e l e m e t r y  system i s  n o n - l i n e a r .  'In e 
t e s t s  i n d i c a t e d  t h a t  t h e  a p p r o p r i a t e  model f o r  t h e  r e l a t i o n  
between i n p u t  and o u t p u t  was a q u a d r a t i c  curve .  To a i d  
t e l e m e t r y  e n g i n e e r s  i n  the r e d e s i g n  of the system, a n a l y s e s  
of subsystem components were performed. From t h e  subsequent  
a n a l y s e s  i t  was determined t h a t  the n o n - l i n e a r  e f f e c t  e x i s t e d  
i n  t h e  XO-4 package. If the r e d e s i g n  o r  rep lacement  of t h e  
XO-4 package i s  s u f f i c i e n t  t o  e l i m i n a t e  i t s  n o n - l i n e a r  e f f e c t  
t h e n  t h e  system w i l l  become l i n e a r .  An e s t i m a t e  o f  the r e s i -  
d u a l  v a r i a t i o n  about  t h e  q u a d r a t i c  curve i n  p e r c e n t  of range 
i s :  
-_ 
B. SUMMARY AND CONCLUSIONS: TAPE RECORDER AND COMPENSATION 
EXPERIMENT. 
1. E f f e c t  o f  Analog Tape Recorders .  It should be 
r e c a l l e d  t h a t  t h i s  experiment  d i d  not  i s o l a t e  t h e  e f f e c t  
which d i f f e r e n t  ana log  t a p e s  might have on a s p e c i f i c  r e -  
c o r d e r .  Thus, any conc lus ions  t o  be drawn concern ing  t ape  
r e c o r d e r s  w i l l  n e c e s s a r i l y  be based upon t h e  assumption that 
t h e  d i f f e r e n c e  i n  v a r i o u s  magnet ic  ana log  r e c o r d i n g  t a p e s  
( o f  the same s p e c i f i c a t i o n s )  i s  n o t  s i g n i f i c a n t .  Making t h i s  
assumpt ion ,  t h e  conc lus ions  concern ing  d i f f e r e n t  ana log  t ape  
r e c o r d e r s  f o r  t h i s  experiment may be summarized a s  f o l l o w s :  
( a )  Analog t a p e  r e c o r d e r s  of the type  used i n  t h i s  
experiment  do not  d i f f e r  s i g n i f i c a n t l y  i n  t h e i r  
mean response' .  
( b )  The BETWEEN r e c o r d e r  v a r i a t i o n  may be e s t ima ted  a s :  
2 z o? i j k / l 7 0  = 10.10 10 5 2 = z z 
LJ i = 2  j=1 k = l  L 
100 Gt/E = 100(3 .178) /971 .4  = 0.327% 
S ince  t h e  d i f f e r e n c e  between r e c o r d e r s  was n o t  s i g n i f i c a n t ,  
A 
may a l s o  be assumed t o  be ze ro .  
O t  
( c )  Analog t a p e  r e c o r d e r s  of t h e  type  used i n  this  
experiment  d o  tend t o  d i f f e r  s i g n i f i c a n t l y  i n  t h e  
va r i ance  of the i r  r e sponse .  W i t h  a sample s i z e  of 
10 and a mean range  o f  971.4 t h e  r a t i o  of two r e -  
co rde r  v a r i a n c e s  may be as much as 100 i n  some c a s e s .  
The f i r s t  conc lus ion  i n d i c a t e s  that t h e  l i n e a r i t y  
c h a r a c t e r i s t i c s  f o r  the t y p e  of r e c o r d e r s  used a r e  t h e  same. 
Thus, a mean d i g i t i z e d  o u t p u t  o f ,  s a y  999, f rom one r e c o r d e r  
r e p r e s e n t s  t he  same v o l t a g e  i n p u t  as a d i g i t i z e d  o u t p u t  of 
999 f r o m  t h e  o t h e r  r e c o r d e r s .  T h i s  could be i m p o r t a n t  i n  
making c a l i b r a t i o n s  o r  l i n e a r i t y  checks s i n c e  t h e s e  a r e  d e t e r -  
mined on a b a s i s  of mean v a l u e s .  If one r e c o r d e r  a f f e c t s  
the l i n e a r i t y  of t h e  d a t a  i n  a c e r t a i n  manner, e . g . ,  if i t  
has a cubic  r e sponse ,  then  the  o t h e r  r e c o r d e r s  w i l l  add  t h e  
same bias .  This could a l s o  be impor t an t  i n  r e d e s i g n  of 
r e c o r d e r s  f o r  one must s imply  s e l e c t  a random sample of t h i s  
type of r e c o r d e r  i n  o r d e r  t o  de t e rmine  where n o n - l i n e a r i t y  
i s  being i n t r o d u c e d .  
The second conc lus ion  i n d i c a t e s  how much v a r i a n c e  
may be expected between t h e  mean r e sponse  of  t h e  r e c o r d e r s .  
S ince  i t  was determined p r e v i o u s l y  t h a t  the  r e c o r d e r s  were 




v a r i a n c e  of t h e  mean response  would be ze ro .  However, t h e  
a n a l y s i s  of  v a r i a n c e  i s  based upon two r i s k s :  a ,  t h e  risk 
of r e j e c t i n g  a t r u e  h y p o t h e s i s ,  and p, t he  r i s k  o f  a c c e p t i n g  
a f a l s e  h y p o t h e s i s .  The f i r s t  r i s k ,  a ,  i s  s e t  a t  0.05 f o r  
this experiment ,  b u t  (3 i s  an unknown s u b j e c t  t o  the a c t u a l  
c o n d i t i o n s  under  which t h e  experiment  w a s  run .  Consequent ly ,  
s t a t e m e n t s  w i t h  u n c e r t a i n t y  cannot be made b u t  we can make 
"bes t  es t imates ' '  of c e r t a i n  parameters .  The b e s t  e s t i m a t e  of 
t h e  v a r i a n c e  between r e c o r d e r  means i s  0.327 pe rcen t  of f u l l  
s c a l e .  This  means t h a t  i f  the r e c o r d e r s  a r e  used ove r  a long 
pe r iod  of t i m e ,  each t i m e  randomly s e l e c t i n g  a r e c o r d e r ,  t h e  
v a r i a n c e  of  the mean response  of the r e c o r d e r s  i s  0.327 
p e r c e n t  of f u l l  s c a l e .  
The t h i r d  conclus ion  s imply  s t a t e s  t h a t  t h e  two 
r e c o r d e r s  d i f f e r  s i g n i f i c a n t l y  i n  t h e  n o i s e  of t h e i r  r e sponses .  
Although the mean v a l u e  of the responses  of the r e c o r d e r s  is 
e s s e n t i a l l y  t h e  same, t h e  v a r i a b i l i t y  cen te red  around t h i s  
mean r e sponse  i s  d i f f e r e n t .  
2. E f f e c t  of Tape Speed Compensation. Tape speed 
compensat ion i s  used i n  t h e  r eco rd ing  p rocess  i n  an a t t empt  
t o  c o n t r o l  speed e r r o r s  ( e . g . ,  wow and f l u t t e r )  on a t a p e  
r e c o r d e r .  Th i s  i s  accomplished by r e c o r d i n g  a 100 KC r e f e r -  
ence s i n e  wave on one t r a c k  o f  the magnet ic  t a p e  s imul-  
t a n e o u s l y  w i t h  t h e  r e c o r d i n g  of da ta .  When t h e  t a p e  i s  r e -  
produced the r e c o r d e r  " fo l lows"  the s i n e  wave as a r e f e r e n c e .  
An improvement i n  r e p r o d u c t i o n  w i l l  r e s u l t  on ly  i f  t h e  r e f e r -  
ence s i n e  wave i s  a "good" s i n e  wave, i . e . ,  high p r e c i s i o n ,  
and i f  t h e  a d d i t i o n  of the e x t r a  components needed f o r  
compensat ion ( a  100 KC d i s c r i m i n a t o r ,  e x t r a  c i r c u i t r y ,  e t c . )  
does n o t  add  more e r r o r  t o  the system than  i t  compensates.  
There may be a d d i t i o n a l  e r r o r s  i n  t h e  r e c o r d e r  o t h e r  t han  
t h o s e  a t t r i b u t a b l e  t o  t ape  speed and t h e s e  e r r o r s  a r e  no t  theo-  
r e t i c a l l y  a f f e c t e d  by t ape  speed compensation. Thus, i t  i s  
imposs ib le  t o  i s o l a t e  a pu re  compensation e f f e c t  b u t  we can 
i s o l a t e  a d i f f e r e n t i a l  e f f e c t  between r e s u l t s  when compensa- 
t i o n  i s  used and when i t  i s  n o t  used .  Keeping th i s  p o i n t  i n  
mind, t h e  conc lus ions  concern ing  t a p e  speed compensat ion f o r  
this experiment may be summarized a s  follows: 
( a )  The mean r e sponse  obta ined  from an ana log  s i g n a l  
f o r  a g iven  i n p u t  i s  e s s e n t i a l l y  t h e  same whether  
o r  no t  t a p e  speed compensation i s  used .  
( b )  The v a r i a t i o n  BETWEEN t h e  e f f e c t s  o f  u s i n g  compen- 
s a t i o n  and n o t  u s i n g  compensation may be e s t ima ted  
a s :  
= I/- = 2.256 % 
Since  t h e  d i f f e r e n c e  between compensat ion and no compensat ion 
was not  s i g n i f i c a n t ,  ae may a l s o  be assumed t o  be z e r o .  
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( c )  The use  of t a p e  speed compensat ion e l i m i n a t e s  more 
e r r o r  t h a n  i t  i n t r o d u c e s  i n  the ana log  r e p r o d u c t i o n  
p r o c e s s .  For a sample s i z e  of  1 0  and a mean range  
of 971.4 t h e  v a r i a n c e  ob ta ined  by n o t  u s i n g  compen- 
s a t i o n  may be a s  much as s e v e r a l  hundred t imes  a s  
l a r g e  as the v a r i a n c e  ob ta ined  by u s i n g  compensat ion.  
C. SUMMARY AND CONCLUSIONS: ISOLATION OF SYSTEM ERRORS. 
One of  t h e  pr imary  o b j e c t i v e s  of t h i s  experiment  was 
t o  i s o l a t e  some of  t h e  component subsystems of t h e  F’M/FM 
t e l e m e t r y  system and de te rmine  t h e i r  i n d i v i d u a l  c o n t r i b u t i o n s  
t o  t h e  o v e r a l l  e r r o r  of  t h e  system. It i s  b e l i e v e d  t h a t  some 
of t h e s e  e r r o r s  may have c o n t r i b u t e d  t o  t h e  h igh  package - 
S C O  i n t e r a c t i o n  e f f e c t  i n  Technica l  Report  No. 2. 
The i s o l a t i o n  of  t h e  e r r o r  of s e v e r a l  component 
subsystems w a s  i l l u s t r a t e d  i n  S e c t i o n  IV-B. The component 
e r r o r s  which were i s o l a t e d  may be summarized i n  two c a t e -  
g o r i e s .  The f i r s t  c a t e g o r y  i s  t h e  e r r o r s  which wei'e a c t u a l l y  
computed from the exper imenta l  da ta .  
t h e  e s t ima ted  e r r o r s  which would r e s u l t  i f  t h e  system were i n  
s t a t i s t i c a l  c o n t r o l .  The summary of e r r o r s  follows. 
The second c a t e g o r y  i s  
E s t i m a t e s  of E r r o r s  Computed from t h e  Exper imenta l  Data  
( a )  E r r o r  a s s o c i a t e d  with the d i s c r i m i n a t o r  bank, t h e  
d i g i t i z e r ,  and a s s o c i a t e d  c i r c u i t r y :  
100 Sd/K = 0.050% 
( b )  E r r o r  a s s o c i a t e d  with t h e  package, t h e  SCO's, and 
a s s o c i a t e d  c i r c u i t r y :  
100 Sp/K = 0.073% 
( c )  E r r o r  a s s o c i a t e d  w i t h  t h e  ana log  r e c o r d e r s  and 
ana log  magnet ic  t apes :  
100 S /E = 0.655% 
( d )  N e t  r e d u c t i o n  of e r r o r  which i s  accomplished when 
compensation i s  used ve r sus  when compensation i s  
not  used : 
100 s c / R  = 0 .54% 
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E s t i m a t e s  of E r r o r s  Assuming the System Could be Made t o  
Conform t o  S t a t i s t i c a l  C o n t r o l .  
( a )  E r r o r  a s s o c i a t e d  w i t h  t he  d i s c r i m i n a t o r  bank, t he  
d i g i t i z e r ,  and a s s o c i a t e d  c i r c u i t r y :  
100 sd/R = 0.041% 
( b )  E r r o r  a s s o c i a t e d  w i t h  t h e  package,  t h e  SCOts, and 
a s s o c i a t e d  c i r c u i t r y :  
l o o  s /R = 0.042% 
P 
( c )  E r r o r  a s s o c i a t e d  w i t h  t h e  ana log  r e c o r d e r s  and 
ana log  magnet ic  r e c o r d i n g  t a p e s :  
100 s /E = 0.522% 
P 
( d )  Net r e d u c t i o n  of e r r o r  which i s  accomplished when 
compensation i s  used v e r s u s  when compensat ion i s  
n o t  used : 
100 sc/K = 0.505% 
From t h e  f o r e g o i n g  summary i t  should  be q u i t e  obvious  that  i f  
b e s t  r e s u l t s  a r e  t o  be ob ta ined  i t  i s  i m p o r t a n t  t h a t  t a p e  speed 
compensation be used i n  the d a t a  r e d u c t i o n  p r o c e s s .  
a l s o  appa ren t  that  o f  t h e  1.000% e r r o r  a t t r i b u t e d  t o  t h e  F'M/FM 
sys tem i n  Techn ica l  Report  No. 2 t h a t  a l a r g e  amount of  t h i s  
e r r o r  may be a t t r i b u t e d  t o  t h e  e f f e c t  of  the  a n a l o g  t a p e  
r e c o r d e r s .  T h i s  l a t t e r  c o n t r i b u t i o n  of e r r o r  i s  q u i t e  
p o s s i b l y  one r e a s o n  f o r  t h e  large i n t e r a c t i o n  v a r i a n c e  which 
was documented i n  T e c h n i c a l  Repor t  No. 2 .  
It  i s  
D .  RECOMMENDATIONS 
1. L i n e a r i t y  - Experiment .  -- It i s  sugges t ed  tha t  s u b -  
sequent  r e s e a r c h  be u n d e r t a k e n  t o  p r o v i d e  i n s i g h t  i n t o  t he  
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f o l l o w i n g  areas. 
a. XO-4 PACKAGE. Experiments shou ld ,  i f  p o s s i b l e ,  be 
designed and performed t o  i s o l a t e  t h e  n o n - l i n e a r  e f f e c t  w i t h i n  
an XO-4 package. Sepa ra t e  c o n s i d e r a t i o n  should be g iven  t o  
t h e  s u b c a r r i e r  o s c i l l a t o r s ,  t h e  m i x e r - a m p l i f i e r ,  t h e  t r a n s -  
mitter, aiid the  i n t c r c a l  circuitry of the p h y s i c a l  XO-4  pack- 
age. R e s u l t s  o f  such experiments m i g h t  r educe  the d e s i g n  
r equ i r emen t s  t o  e l i m i n a t e  t h e  non- l inea r  e f f e c t  i n  f u t u r e  
packages.  
b .  MATHEMATICAL MODEL. It i s  d e s i r e d  t o  develop a method 
t o  e l i m i n a t e  the  s e p a r a t i o n  of a l l  deg ree  e f f e c t s  a t  once.  
Such a method should have the fo l lowing  c h a r a c t e r i s t i c s .  
(1) I t  should  3e a s e n s i t i v e  t e s t .  
( 2 )  I t  should  i n d i c a t e  a t  each stage of t h e  
t e s t i n g  whether the a p p r o p r i a t e  model 
h a s  been obta ined .  
It i s  recommended t h a t  such a method be developed f o r  d e t e r -  
mining t h e  a p p r o p r i a t e  mathematical  model f o r  t h e  system. 
Such a method would prove u s e f u l  i n  t h e  d a t a  r e d u c t i o n  pro-  
c e s s .  
c .  ACCURACY ESTIMATE. In  S e c t i o n  1 1 - A - 1  of th is  r e p o r t  
an i n d i c a t i o n  was p re sen ted  of how inaccuracy  may r e s u l t  i n  
t h e  system. However, no e s t i m a t e  of accu racy  has been g iven  
i n  the a n a l y s i s .  It i s  f e l t  that t h e  s t a n d a r d  e r r o r  a s s o -  
c i a t e d  w i t h  t h e  f l t t i n g  of  t h e  m a t h e m t i c a l  model t o  t h e  
means p rov ides  an i n d i c a t i o n  o f  t h e  accu racy .  However, t h e  
e f f e c t s  of  accuracy  a r e  confounded wi th  the  e f f e c t s  of samp- 
l i n g  e r r o r  ( p r e c i s i o n )  i n  t h e  s t a n d a r d  e r r o r  f o r  t h e  means. 
T h e r e f o r e ,  i t  i s  recommended t h a t  f u r t h e r  r e s e a r c h  be i n i t i a -  
t ed  t o  deve lop  a method of s e p a r a t i n g  an e f f e c t  which can 
be a t t r i b u t e d  t o  accuracy  a lone .  
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2. Tape Recorder  -- and Compensation Experiment .  
There a r e  recommendations for f u r t h e r  s t u d y  i n d i c a t e d  by t h e  
t a p e  r eco rde r  and compensat ion experiment .  The f i r s t  recom- 
mendation i s  t h a t  a s t u d y  be conducted t o  de t e rmine  i f  t h e r e  
i s  any s i g n i f i c a n t  d i f f e r e n c e  between ana log  r e c o r d i n g  t a p e s  
of t h e  type  used i n  t h e  ground s t a t i o n .  It w i l l  be r e c a l l e d  
founded i n  t h e  e f f e c t s  o f  the  t a p e  r e c o r d e r s .  A s t u d y  should 
be conducted t o  i s o l a t e  t a p e  e f f e c t s ,  i f  any, f r o m  r e c o r d e r  
e f f e c t s .  A by-product  of an experiment  of  t h i s  n a t u r e  should 
be t h e  a n a l y s i s  of any i n t e r a c t i o n  between t a p e s  and t a p e  
r e c o r d e r s .  
t h a t  i n  t h i s  experimect  t h e  e f f e c t  of magnetic t a p e s  was coii- 
The second recommendation i s  t h a t  an experiment  of 
t h e  n a t u r e  r e p o r t e d  h e r e i n  be performed and t h e  d a t a  t a p e s  
then  sen t  t o  t h e  computat ion l a b o r a t o r y  f o r  r e d u c t i o n .  I n  
t h i s  way i t  would be p o s s i b l e  t o  e s t i m a t e  w h a t  amount of  
e r r o r  i s  c o n t r i b u t e d  t o  t h e  system by the  data r e d u c t i o n  
p rocess  o f  t h e  computat ion l a b o r a t o r y .  T h i s  experiment  would 
no t  n e c e s s a r i l y  be as l a r g e  s c a l e  as  the  one of this r e p o r t  
and i t  might be performed i n  c o n j u n c t i o n  w i t h  the  ana log  t ape  
experiment sugges ted  above. 
The t h i r d  recommendation i s  t h a t  t h e  methodology 
i n i t i a t e d  i n  this  r e p o r t  be extended t o  a n a l y z e  e x i s t i n g  and 
f u t u r e  ground s t a t i o n  systems.  It i s  f u l l y  recognized  t h a t  
the experiment of t h i s  r e p o r t  u t i l i z e d  s e v e r a l  system compo- 
n e n t s  which a r e  no l o n g e r  i n  o p e r a t i o n  i n  t h e  t e l e m e t r y  
ground s t a t i o n .  I t  i s  n o n e t h e l e s s  f e l t  t h a t  some ve ry  p e r t -  
i n e n t  and u s e f u l  i n f o r m a t i o n  h a s  been ob ta ined  through t h i s  
experiment and t h e  method of a n a l y s i s  can be extended t o  
ana lyze  f u t u r e  sys  tems . 
APPENDIX A 
SPECIAL TABLES 
TABLE A - 1  
SUMMARY OF THE TESTS OF SIGNIFICANCE FOR THE FREQUENCY 
STANDARD USING MODEL I1 AND a = 0.05 
(Non-Signi f icant  E f f e c t s  a r e  Denoted by a Blank Space 
and S i g n i f i c a n t  E f f e c t s  a r e  Denoted by t h e  Symbol X.) 








































TABLE A-1 ( c o n t i n u e d )  FEiEQUENCY STANDARD 


















































TABLE A-1 ( c o n t i n u e d )  FREQUENCY STANDARD 
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TABLE A-2 
SUMMARY OF THE TESTS OF SIGNIFICANCE FOR SCO SET A USING 
MODEL I1 AND a = 0.05 
(Non-S ign i f i can t  
and S i g n i f i c a n t  































E f f e c t s  are Denoted by a Blank Space 
E f f e c t s  are  Denoted by the Symbol X . )  
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TABLE A-2 (continued) SCO A 
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TABLE A - 5  
VARIANCE RATIOS (aWOC /aEc) COMPUTED FOR THE DATA 
GENERATED BY DIE FREQUENCY STANDARD 
AND RECORDED ON RECORDER 1. 
Inpu t  L e v e l  ( Vol tage)  
CHANNEL 0.00 1.25 2.50 3 J 5  4 q.00 
~ _- 
2 2.88 2 - 4 4  1.71 1.83 5 31':' 
5 0.19+ 1.26 5 88+' 2.20 
6 1.55 2.02 0.75 2.51 







































































-::Ratio i s  s i g n i f i c a n t l y  l a rge  a t  
a, = 0.05 
+Rat io  i s  s i g n i f i c a n t l y  small a t  
a = 0.05 
TABLE A-6  
VARIANCE RATIOS ( owoc / a & )  COMmJTED FOR THE DATA 
GENERATED BY THE FREQUENCY STANDARD 
AND RECORDED ON RECORDER 2. 




















- -  
as 50.06" 
91.10" 109.12" 



















































9 * 74-::' 
12.79;:' 
0.26 





-::Ratio i s  s i n g i f ' i c a n t l y  l a r g e  a t  
a = 0.05  
+Ratio i s  s i g n i f i c a n t l y  s m a l l  a t  
a = 0.05 
TABLE A-7 
VARIANCE RATIOS ( Owoc /ozc)  COMPUTED FOR THE DATA 
GENERATED BY SUBCARRIER OSCILLATOR SET A 
AND RECORDED ON RECORDER 1. 














































































































F. 025 (9,9) = 4.03 +Rat io  i s  s i g n i f i c a n t l y  l a r g e  a t  
a = 0.05 
(9,9) = 0.25 +Rat io  i s  s i g n i f i c a n t l y  s m a l l  a t  
a = 0.05 F.975 
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TABLE A-8 
VARIANCE R A T I O S  ( owoc /&) COMPUTED FOR THE DATA 





































AND RECORDED ON K3CORDER 2. 






































































(9,9) = 4.03 ' :Ra t io  is significantly large at 
a = 0.05 
F. 025 
(9,9) = 0.25 +Ratio is significantly small at 
F.975 a = 0.05 
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TABLE A-9 
VARIANCE RATIOS ( 0 :  / o : )  COMPUTED FOR THE DATA 
GENERATED BY THE FFLEQUENCY STANDARD 






















































Input L e v e l  (Voltage) 
























































-:'Ratio is significantly large at 
a = 0.05 
( 9 , 9 )  = 0.25 +Ratio i s  significantly small at 
a = 0.05 F.975 
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TAELE A - 1 0  
VARIANCE RATIOS (0; / o f )  COMPUTED FOR THE DATA 
GENERATED BY THE FREQUENCY STANDARD 






















































F .025 (9,9) = 4.03 
F.975 (9,9) = 0.25 
2.50 





















































%Ratio is Significantly large at 
a = 0.05 
+Ratio is significantly small at 
a = 0.05 
TABLE A - 1 1  
VARIANCE RATIOS (0; / o : )  COMPUTED FOR THE DATA 
GENERATED BY SUBCARRIER OSCILLATOR SET A 
AND REPRODUCED WITH TAPE SPEED COMPENSATION 
1nI;ut L e v e l  j v o i t s j  






































































































7 . 07;'- 
0.90 
''Ratio is significantly large at 
a = 0.05 
+Ratio is significantly small at 
a = 0.05 
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TABLE A - 1 2  
VARIANCE RATIOS ( 0 ;  /of) COMPUTED FOR THE DATA 
GENERATED BY SUBCARRIER OSCILLATOR SET A 
AND REPRODUCED WITHOUT TAPE SPEED COMPENSATION 
Input Level  (Volts) 
F. 025 ( 9 , 9 )  = 4.03 









































































































1 .95  
2.43 
4 46'$ 
5 ' 24;:' 
%Ratio is significantly l a r g e  at 
a = 0.05 
+Ratio is significantly small at 



















TABLE A - 1 3  
THE VARIANCES OF "HE FP DATA 






















































































" to  0 .  4 
0.00 
0.21 
TABLE A - 1 4  
CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-13 

















THE VARIANCES OF THE SAP DATA 
Input Leve l  ( V o l t s )  






































































































CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A - 1 5  






































THE VARIANCES OF 'ME F R l W O C P  DATA 
Input  L e v e l  (Volts) 
0.00 






















































23 84  
16.41 
12.41 
1 6 - 4 5  
12.76 
11.56 

















13 2 9  
15.81 
TABLE A-18 
CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-17 
N -2 0 UCL=2.414 Z2 LCL=O.OO o2 
12.10 29.21 
77 9.38 22.65 




























THE VARIANCES OF 'THE FR2WOCP DATA 
Input  L e v e l  ( V o l t s )  
0.00 1.25 ' 2.50 3.75 
36.29 32 .  z4 
13 040 
74.41 







































































1 '84. 3.29 6o 
TABLE A-20 
CONTROL CHART COMPUTATIONS FOR !IRE DATA OF TABLE A-19 
N 0 UCL=2.414 Z2 LCL=O.OO a2 -2 
85 68.77 166.01 
73 50 45 121.79 
66 42.60 
79 57 *94 139.87 
107 54 
102.83 

























THE VARIANCES OF THE SARlWOCP DATA 
Input  L e v e l  ( V o l t s )  




1. 1 9 - 4 1  
k :  3 





O * k 9  
23. l2b9 4
12.24 29 29 
0.36 
1.25 
7 - 8 0  
14.81 







3.9 l o 6 k  
2.80 
1 .21  











16 .4 i  14.01 7.41 21.21  
21.29 33.89 28.49 18.24 
18.89. 19.24 23-96 15 40 
16.84 33.61 7.29 25.40 



















CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A - 2 1  
N -2 0 U C L = 2 . 4 1 4  z2 LCL=O.OO ;J2 
13 63 32-90  
11.86 28.63 
8 5  
79 
77 11.40 27 52 
























THE VARIANCES OF THE SAR2WOCP DATA 
Input  L e v e l  ( V o l t s )  
0.00 1.25 2.50 3 - 7 5  
19 65 8.01 
35.49 17.61 
14.40 36.01 
35.36 13 $0 
9.85 7. 4 
33 81 35.04 




51 56 68.29 
1 b 2 k  6 .7 113*89 61. 5 72.16 
16.60 36.76 
127.44 87.64 112.41 138.89 




















































TABLE A - 2 4  
CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-23 
N 5 UCL=2.414 z2 LCL=O.OO E2 -2 
85 52 13 125.84 
78 43.31 104.55 
69 34.97 84 42 
72 37 -58 90.72 












































Input L e v e l  (Volts) 





































































CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-25 











































0 .00  
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TABLE A - 2 7  
THE VARIANCES OF THE FR2WCP DATA 
Input  Level  ( V o l t s )  



















































11.5 63 6k 















































































THE VARIANCES OF THE SARlWCP DATA 
I n p u t  L e v e l  ( V o l t s )  





























































































7 2 9  
4.04 
4.4;’ 







68 2.36 5.70 

























TABLE A - 3 1  




























































































CONTROL CHART COMPUTATIONS FOR THE DATA OF TABLE A-31 
11.82 28 54 
6.32 15-25 85 75 
69 4.94 11 93 









3.09 7 $6 
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